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metodologías miniaturizadas, rápidas y sensibles para la determinación de subproductos 
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de métodos miniaturizados de extracción líquida y sólida (microextracción en fase líquida y 
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como se ha abordado la determinación de aldehídos alifáticos de bajo peso molecular en 
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ha realizado una estancia de 4 meses en una universidad griega sintetizando nuevos 
nanomateriales con posibilidades analíticas. El trabajo de investigación se ha materializado 
en la publicación de 8 artículos científicos en revistas del primer cuartil del área de Química 
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El siglo XX se caracterizó por el rápido desarrollo de la civilización humana, 
siendo la desinfección del agua el mayor logro conseguido en lo que respecta a la 
salud pública. El tratamiento del agua con desinfectantes tiene como objetivo la 
eliminación y la desactivación de microbios patógenos como virus y bacterias. 
Aunque el cloro es el desinfectante más utilizado en la actualidad, se está 
promoviendo el uso de otras alternativas tales como ozono, cloraminas y dióxido de 
cloro. Sin embargo, estos desinfectantes reaccionan con la materia orgánica y/o 
iones bromuro/yoduro presentes en el agua, formándose nuevas especies conocidas 
como subproductos de desinfección (DBPs), que pueden tener efectos 
potencialmente nocivos para la salud humana. 
Dentro del contexto de los DBPs emergentes, los compuestos carbonílicos 
objeto de estudio se engloban en el conjunto de los no regulados, pudiéndose a su 
vez dividir en dos grupos: compuestos carbonílicos no halogenados, donde se 
incluyen los aldehídos alifáticos y aromáticos de bajo peso molecular; y compuestos 
carbonílicos halogenados que abarca a los haloacetaldehídos (HAs) y a las 
halocetonas (HKs).  
La determinación de aldehídos de bajo peso molecular (low molecular-mass 
aldehydes, LMMAs) en muestras acuosas por cromatografía de gases (GC) conlleva 
una etapa de derivatización previa a su determinación, debido a su alta polaridad y 
reactividad química. Sin embargo, los métodos que se han desarrollado hasta la 
fecha para LMMAs no incluyen a los aldehídos dicarbonílicos y aromáticos 
conjuntamente, siendo además métodos poco sensibles y que no siguen la tendencia 
de la “Química Verde”. Por otro lado, dentro de los métodos propuestos por la 
EPA para la determinación de compuestos orgánicos volátiles en agua tratada, sólo 
se han incluido el tricloroacetaldehído (hidrato de cloral, CH), la 1,1-dicloroacetona 
y la 1,1,1-tricloroacetona. Esto se debe a la baja concentración de otros 
Hitos 
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haloacetaldehídos y halocetonas que no se detectan por los métodos 
convencionales, y/o ausencia de estándares de los mismos hasta inicios de 2000s.  
 
En base a estas premisas, el contenido de esta Memoria inicialmente se 
orientó al desarrollo y aplicación de nuevas metodologías rápidas, miniaturizadas 
y/o automáticas para la determinación de aldehídos en agua tratada. Inicialmente se 
seleccionaron los 13 LMMAs (5 alifáticos, 2 dicarbonílicos y 6 aromáticos), así 
como los 7 HAs que pueden aparecer en el agua tratada. 
Los hitos que se pretenden conseguir en el desarrollo de esta Memoria son: 
1. Desarrollo de métodos novedosos de microextracción en fase líquida (micro 
liquid-liquid extraction, MLLE) combinados con un inyector de elevados 
volúmenes con temperatura programable (large-volumen injection with a 
programmable temperature vaporizer, LVI–PTV) para la determinación de 
13 LMMAs y 7 HAs.  
En este caso el objetivo es la miniaturización de la técnica convencional de 
extracción líquido-líquido, utilizando microlitros de disolvente orgánico en 
combinación con la inyección de casi todo el extracto en un inyector LVI–
PTV, con la ventaja de la sensibilidad inherente a este tipo de inyector. 
Además, en el caso de los LMMAs, las innovaciones se han encaminado 
también a llevar a cabo la derivatización y extracción de los mismos de 
manera simultánea. 
2. Desarrollo de un método automático mediante el empleo de espacio de 
cabeza  estático. 
Dentro de los LMMAs hay que discriminar dos grupos: aldehídos alifáticos 
con hasta cuatro átomos de carbono, que son tan volátiles que coeluyen con 
el disolvente, dificultando su detección; y aquellos con un mayor peso 
molecular (alifáticos y aromáticos), cuya determinación es poco sensible por 
GC. Por lo tanto, este método se desarrollará abordando una derivatización 




grupos. Además, se ensayará la adición de un modificador para favorecer la 
volatilización de los aldehídos derivatizados. 
3. Aplicación de los métodos desarrollados para la determinación de HAs y 
LMMAs en agua. 
Considerando que los analitos diana son DBPs, se hará especial énfasis en el 
análisis de agua tratada tanto de grifo como de piscina. Dentro de ellas, la 
más novedosa es el agua de piscina por la ausencia de información existente 
sobre la presencia de estas especies. 
4. Influencia de diferentes agentes declorantes en la conservación de los 
analitos en muestras de agua tratada. 
Hasta la fecha no se han realizado estudios sistemáticos, o hay controversias 
en la bibliografía sobre algunos, respecto al agente de decloración idóneo 
para conservar los analitos diana en el agua tratada, siendo por tanto 
prioritario el llevarlo a cabo en compuestos carbonílicos halogenados. 
 
A lo largo del desarrollo de la Tesis Doctoral se comprueba que los métodos 
que se han desarrollado para aldehídos en aguas pueden extenderse a otras matrices, 
así como a otros compuestos carbonílicos que están adquiriendo un gran interés 
debido a sus efectos nocivos sobre la salud, como son las halocetonas (HKs), 
surgiendo por tanto  nuevos ítems relevantes además de los hitos planteados 
inicialmente en la Memoria: 
5. Desarrollo de nuevos métodos de microextracción en fase líquida (MLLE) y 
en fase sólida (SPME) para la determinación de HKs en agua tratada. 
Las HKs son compuestos mutagénicos, que se encuentran en el agua tratada 
a niveles de partes por billón. Observando las bondades de los métodos de 
MLLE anteriormente desarrollados, la MLLE se extenderá a la 
determinación de HKs en agua tratada. Siguiendo los principios de la 
“Química Verde”, se va a aplicar una técnica alternativa al uso de 
disolventes orgánicos, como es la técnica de SPME, para la extracción de los 
Hitos 
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analitos. Dicha técnica se va a aplicar en el modo de espacio de cabeza 
teniendo en cuenta la naturaleza volátil de estas especies. 
6. Evaluación de la formación y evolución de LMMAs y HKs en una planta de 
potabilización, así como en la red de distribución. 
El estudio comprende tanto el análisis de muestras de agua (más de 400) 
durante las cuatro estaciones del año, como la determinación de parámetros 
de calidad de dichas aguas, para establecer posibles correlaciones. Para ello 
será necesaria la colaboración de una empresa de potabilización de agua. 
7. Aplicación de la metodología más robusta para el control de aldehídos 





















The twentieth century was characterised by the fast development of human 
civilization, water disinfection being the greatest achievement related to public 
health. The purpose of water disinfection is to eliminate and inactivate pathogen 
microorganisms, such as viruses and bacteria. Although chlorine is currently the 
most widely used disinfectant, other alternatives such as ozone, chloramines and/or 
chlorine dioxide are being used. However, these disinfectants react with the organic 
matter and/or bromide/iodide ions present in water, forming new compounds 
known as disinfection by-products (DBPs), which may potentially cause harmful 
effects in human health. 
Within the context of emerging DBPs, the carbonyl compounds under 
study are included in the unregulated group, which could be split in two groups too: 
non-halogenated carbonyl compounds, concerning aliphatic and aromatic low 
molecular-mass aldehydes; and halogenated carbonyl compounds, in which 
haloacetaldehydes (HAs) and haloketones (HKs) are included. 
The determination of low molecular-mass aldehydes (LMMAs) in aqueous 
samples by gas chromatography (GC) involves a derivatisation step prior to 
determination due to their high polarity and chemical reactivity. However, the 
jointly determination of dicarbonyl and aromatic aldehydes has not been 
accomplished by the methods developed for LMMAs to date, also being less 
sensitive methods, which do not follow the trend of “Green Chemistry”. On the 
other hand, within the methods proposed by EPA for the determination of volatile 
organic compounds in treated water, only trichloroacetaldehyde (chloral hydrate, 
CH), 1,1- dichloroacetone and 1,1,1-tricloroacetone have been included. This fact is 
due to the low concentration of other haloacetaldehydes and haloketones that 
cannot be detected by conventional methods, and/or the lack of their standards up 
to the early 2000s. 
Milestones 
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Based on these premises, the aim of this Report was initially focused on the 
development and application of new fast, miniaturised and/or automatic 
methodologies for the determination of aldehydes in treated water. Initially the 13 
LMMAs (5 aliphatic, 2 dicarbonyl and 6 aromatic) and 7 HAs that can appear in 
treated water were selected as target analytes. 
The specific objectives to be achieved in the development of this Report are 
the following: 
1. To develop innovative liquid phase microextraction methods (micro liquid-
liquid extraction, MLLE) combined with a large volume injection coupled to 
a programmable temperature vaporizer (LVI–PTV) injector for determining 
13 LMMAs and 7 HAs. 
 
In this case the aim is the miniaturisation of the conventional liquid-liquid 
extraction technique, using microliters of organic solvent in combination 
with the injection of practically the whole extract into a LVI–PTV injector, 
with the advantage of the inherent sensitivity of this type of injector. 
Furthermore, in the case of LMMAs, innovations have also been aimed at 
carrying out derivatisation and extraction processes simultaneously. 
 
2. To develop an automatic method by using static headspace. 
 
There are two groups within LMMAs: aliphatic aldehydes with up to four 
carbon atoms, which are so volatile that co-elute with the solvent hindering 
their detection; and those with higher molecular-mass (aliphatic and 
aromatic), whose determination by GC is insensitive. Thus, this method will 
be developed by addressing a derivatisation prior to volatilisation in order to 
favour the detection and sensitivity of both groups. Furthermore, the 







3. To apply the developed methods for the determination of HAs and 
LMMAs in water. 
 
Taking into account that target analytes are DBPs, special emphasis will be 
placed in the analysis of treated water, both tap and swimming pool. Among 
them, swimming pool water is the most innovative due to the lack of 
information on the presence of these species. 
 
4. To study the influence of different dechlorinating agents on the analytes 
preservation in treated water samples. 
 
To date there have been no systematic studies, or there is controversy in the 
literature about some of them, regarding the most suitable dechlorinating 
agent to preserve the target analytes in treated water, thus being a priority 
for halogenated carbonyl compounds. 
 
Throughout the development of the Doctoral Thesis it was prove that the 
methods developed for aldehydes in water can be widespread to other matrix, as 
well as to other carbonyl compounds that are gaining a great interest due to their 
harmful effects on health, like haloketones (HKs), emerging new relevant items in 
addition to the initial milestones considered in the Report:  
 
5. To develop new liquid phase microextraction (MLLE) and solid phase 
microextraction (SPME) methods for the determination of HKs in treated 
water. 
 
HKs are mutagenic compounds that are found at parts per billion levels in 
treated water. Noting the benefits of previously developed MLLE methods, 
the MLLE will be extended to determine HKs in treated water. Following 
the principles of “Green Chemistry”, an alternative technique to the use of 
organic solvents is going to be used, such as SPME technique, for the 
Milestones 
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analytes extraction. This technique will be used in the headspace mode 
taking into account the volatile nature of these species. 
 
6. To evaluate the formation and evolution of LMMAs and HKs in a water 
treatment plant and distribution network. 
 
The study includes both the analysis of water samples (more than 400) 
during the four seasons of the year and the determination of quality 
parameters of these waters, in order to establish possible correlations. For 
this purpose, the collaboration of a water treatment plant company will be 
required. 
 
7. To apply the most robust method for controlling aldehydes resulting from 





























1.   Generalidades sobre los compuestos carbonílicos 
Los compuestos carbonílicos son compuestos orgánicos que se caracterizan 
por la presencia de un grupo C=O en su estructura. Entre estos compuestos se 
pueden citar: ácidos carboxílicos, halogenuros de acilo, ésteres, amidas, etc. Sin 
embargo, el nombre de compuestos carbonílicos suele utilizarse en sentido 
restringido para designar exclusivamente a los aldehídos y las cetonas. Estos últimos 
presentan el grupo carbonilo en posición intermedia, mientras que los aldehídos lo 
presentan en posición terminal [1].  
Debido a la alta electronegatividad del oxígeno, la densidad electrónica está 
desplazada hacia éste, lo que conduce a un estado resonante en el que el carbono 
está parcialmente positivo (puede actuar como centro electrófilo) y el oxígeno 
parcialmente negativo (centro nucleófilo). Así, estos compuestos poseen momentos 
dipolares apreciables, lo que implica la existencia de asociaciones intermoleculares 
que hacen que sus puntos de ebullición sean intermedios entre hidrocarburos y 
alcoholes de análogo peso molecular. Por otro lado, la reactividad del grupo 
carbonílico está gobernada por las reacciones de adición nucleófila sobre el carbono 
polarizado positivamente, aunque las cetonas suelen ser menos reactivas, y por 
tanto más estables, que los aldehídos dado que los grupos alquílicos actúan como 
dadores de electrones por efecto inductivo [1]. 
 
2. Desinfección del agua. Formación de los compuestos 
carbonílicos como subproductos de desinfección del agua 
La desinfección del agua destinada al consumo humano ha sido la principal 
medida tomada para proveer protección frente a las diversas enfermedades 
infecciosas que pueden ser transmitidas por el agua. La primera vez que se planteó 
la hipótesis sobre el papel del agua como medio de transmisión de una enfermedad 
fue en 1849, año en el que el médico inglés John Snow la relacionó con un brote de 
cólera. La cloración continua del agua empezó a utilizarse en los primeros años del 
siglo XX en Gran Bretaña, dando como resultado una reducción significativa de las 





del agua potable, se ha observado una reducción muy significativa en la incidencia 
de personas afectadas en todo el mundo por enfermedades de transmisión hídrica 
tales como el cólera, la fiebre tifoidea, la disentería y la hepatitis A. El impacto que 
tienen estas enfermedades sobre la salud humana es enorme, ya que todos los años 
un gran número de personas enferman y mueren debido a ellas. La Organización 
Mundial de la Salud estima que alrededor de 1100 millones de personas a nivel 
mundial beben agua no apta para el consumo, y que el 88% de las enfermedades 
diarreicas son atribuibles al agua no apta, así como a la falta de higiene y sanidad [2]; 
asimismo, se estima que el 80% de todas las enfermedades y más de un tercio de las 
muertes en los países en desarrollo son causadas por el consumo de agua 
contaminada. Por lo tanto, las enfermedades transmitidas por el agua son la razón 
principal de que se desinfecten los sistemas de abastecimiento de agua potable. Los 
desinfectantes más usados son cloro, cloraminas, dióxido de cloro y ozono. De 
todos ellos, el cloro es considerado como el desinfectante químico universal porque 
es el más eficaz en relación a su capacidad desinfectante y a su coste. Además, su 
potencial oxidante favorece el control del sabor y el olor del agua, restringe el 
crecimiento de algas, contribuye a la remoción del hierro y manganeso, a la 
destrucción del sulfuro de hidrógeno e incluso tiene una mayor persistencia en el 
sistema de distribución. 
Se denominan subproductos de desinfección (disinfection by-products, 
DBPs) a aquellos compuestos químicos orgánicos e inorgánicos que se forman 
durante el proceso de desinfección del agua, al reaccionar el exceso de desinfectante 
con los llamados precursores de estos compuestos. La materia orgánica natural 
(natural organic matter, NOM) presente en el agua y el ion bromuro/yoduro se 
consideran los precursores orgánicos e inorgánicos, respectivamente. De este modo, 
cada desinfectante produce una gama de subproductos diferentes, dependiendo de 
las características del agua, las condiciones del proceso de desinfección e incluso de 
la combinación de desinfectantes usados (desinfectante primario y secundario) [3]. 
Por lo tanto, aunque la desinfección del agua es una barrera contra los 
microorganismos que pueden originar enfermedades que en su momento causaron 
grandes epidemias, y que las siguen causando pero en menor medida, también 
implica la generación de compuestos potencialmente tóxicos y/o genotóxicos, a los 




En efecto, en el año 1974 Rook en Holanda y Bellar en Estados Unidos, de 
forma independiente, describieron la aparición en el agua de bebida de 
trihalometanos (THMs) como consecuencia de su cloración. Estos compuestos se 
producen por la reacción del cloro con los ácidos húmicos y fúlvicos, los cuales 
constituyen la mayor proporción de materia orgánica en la mayoría de las aguas 
superficiales [5,6]. Al conocimiento de los THMs ha seguido el de otros compuestos 
como los ácidos haloacéticos, haloacetaldehídos (HAs), haloacetonitrilos, 
halocetonas (HKs), etc., hasta llegar a conocerse actualmente más de 600 DBPs [7].  
Como se ha indicado anteriormente, la NOM es el precursor de los DBPs 
en el agua potable. Está presente de manera natural en el agua sin tratar pero su 
cantidad y reactividad varían de acuerdo con las fuentes de agua (lagos, ríos, 
arroyos, agua subterránea, etc.). Resulta principalmente de la degradación total o 
parcial de la fauna y flora circundantes que conforman el sistema acuífero utilizado 
para captar el agua [8–10]. Como las características de la NOM varían de un curso 
de agua a otro, sus características químicas difícilmente pueden ser generalizadas y 
deben determinarse en cada caso. En general, se considera que la materia orgánica 
está dividida en dos categorías diferentes: la materia hidrófoba (ácidos húmicos y 
fúlvicos) y la materia hidrófila (proteínas, carbohidratos y aminoácidos), siendo los 
ácidos húmicos los compuestos de la NOM con el mayor peso molecular, debido 
principalmente a la alta concentración de carbono aromático con relación a la 
concentración de los ácidos carboxílicos y carbonilos [11]. Los ácidos fúlvicos 
tienen un peso molecular inferior al de los ácidos húmicos y su concentración en 
carbono aromático es menor; sin embargo, las concentraciones de carbonilo y 
ácidos carboxílicos en los ácidos fúlvicos son superiores a las de los húmicos. Los 
ácidos fúlvicos representan la fracción mayor de la NOM (~50%), mientras que los 
ácidos húmicos son el 5% [12]. Los ácidos húmicos favorecen la formación de los 
DBPs por su mayor concentración en carbono aromático, pero como los ácidos 
fúlvicos están presentes en mayor cantidad en la NOM, los DBPs son formados 
principalmente a partir de estos últimos [13]. Así, se ha encontrado que los 
compuestos con anillo aromático experimentan una ruptura del mismo por la 
acción del cloro con formación de compuestos con uno o dos átomos de carbono 





Los indicadores de la presencia de NOM más utilizados son el carbono 
orgánico total (total organic carbon, TOC) o el carbono orgánico disuelto (dissolved 
organic carbon, DOC), y la absorbancia ultravioleta a 254 nm (UV254). Los 
parámetros TOC y UV254 son complementarios entre sí; el TOC informa sobre la 
cantidad de NOM existente y disponible para la reacción y la UV254 señala más que 
todo su reactividad o tendencia a formar DBPs, ya que es un indicador de los 
vínculos aromáticos contenidos en las sustancias húmicas [14]. En los dos casos, su 
aumento tiende a favorecer la formación de DBPs. Por otro lado, para ciertos tipos 
de agua estos dos parámetros pueden estar estrechamente correlacionados [15]. En 
general, mientras mayores sean las concentraciones de TOC y el valor de UV254 de 
un agua bruta, más importante será la reacción entre la NOM y el desinfectante, lo 
que favorece la formación de una gran cantidad de DBPs. 
La clase y cantidad de DBPs depende de varios factores como son el tipo de 
desinfectante u oxidante empleado, cantidad y naturaleza de los precursores 
presentes en el agua, tiempo de contacto, dosis aplicada de desinfectante, 
temperatura y pH. Estos factores que afectan a la formación de los DBPs, pueden 
ser reagrupados en dos categorías: los parámetros de la calidad del agua relacionados 
directamente con las características del agua bruta (NOM e iones bromuro/yoduro) 
y los parámetros operacionales (pH, temperatura y tiempo de contacto, así como el 
tipo y dosis de desinfectante). Es evidente que teniendo conocimiento sobre cuáles 
son los principales precursores (orgánicos e inorgánicos) de los DBPs y qué 
variables influyen en su formación, se podría establecer el tratamiento óptimo para 
un agua natural.  
A continuación se suministra información sobre los parámetros más 
influyentes en la formación de los compuestos carbonílicos objeto de estudio. Se ha 
dividido en dos grupos: 
1. Compuestos carbonílicos no halogenados (aldehídos alifáticos y 
aromáticos de bajo peso molecular):  
La NOM precursora de aldehídos está constituida mayoritariamente por las 




bajo peso molecular [12]; aunque en menor proporción, también contribuyen otra 
serie de compuestos, como son los aminoácidos [16]. En este caso, el mecanismo de 
reacción para la formación de aldehídos es el que se muestra en la Figura 1. De 
todos los aldehídos formados como DBPs, destacan mayoritariamente aquellos de 
bajo peso molecular, como son el formaldehído, acetaldehído, butiraldehído, 
valeraldehído, glioxal y algunos cetoaldehídos como el metilglioxal. Aunque en el 
caso de los aldehídos aromáticos su presencia ocurre en menor proporción, se 
conocen las rutas de formación del benzaldehído a partir de los ácidos fúlvicos y el 










Figura 1. Esquema del mecanismo de formación de aldehídos a partir de aminoácidos.  
 
Por otro lado, los aldehídos son los subproductos mayoritarios cuando se 
utiliza el ozono como desinfectante. Su formación se produce a través de la reacción 
del ozono con la materia orgánica a través de dos mecanismos de reacción: en el 





de la NOM para formar ozónidos, los cuales son inestables y se descomponen a 
aldehídos, cetonas y ácidos (reacción directa o molecular); en el segundo, los 
radicales OH˙, HO2˙ y HO3˙, que se obtienen al disolverse el O3 en el agua, actúan 
como agentes oxidantes (reacción indirecta o radicálica). Generalmente, la mayor 
formación de aldehídos se obtiene para dosis intermedias de ozono, ya que para 
dosis mayores se produce la oxidación de los mismos hasta ácidos carboxílicos [19]. 
Además pueden formarse, aunque en menor concentración, al utilizarse la 
desinfección con cloro, dióxido de cloro o cloraminas [7]. 
Como actualmente se acepta que el mecanismo más relevante en la 
formación de aldehídos es el molecular, un aumento del pH provoca una 
disminución de la producción de aldehídos (además la vía radicálica favorece la 
oxidación de los aldehídos hasta ácidos carboxílicos), mientras que la máxima 
concentración de aldehídos se origina en condiciones de bajo pH y alta alcalinidad 
[19]. 
2. Compuestos carbonílicos halogenados: 
Haloacetaldehídos: Dentro de este grupo de DBPs, el tricloroacetaldehído 
(comúnmente llamado hidrato de cloral, CH) es el más abundante e importante en 
el agua tratada; por lo tanto, su mecanismo de formación es el más conocido. Se ha 
establecido que los compuestos que contienen el grupo funcional acetilo, tales como 
acetaldehído y metilglioxal, tienen el potencial de actuar como un precursor del 
hidrato de cloral [20]. Los haloacetaldehídos se producen usando cloro, dióxido de 
cloro, ozono o sus mezclas como desinfectantes [7], aunque las mayores 
concentraciones se originan mediante ozonización [20]. El mecanismo de formación 
del CH es el siguiente: el acetaldehído reacciona con el cloro libre para formar 
cloroacetaldehído, que en presencia de un exceso de cloro libre rápidamente 
reacciona para formar el CH. Este mecanismo se basa en una reacción de 
sustitución, en la que un hidrógeno en posición α con el grupo carbonilo se 
sustituye por un halógeno. Además se pueden formar acetaldehídos dihalogenados, 
así como análogos al hidrato de cloral conteniendo bromo o mezclas de 
cloro/bromo [20], aunque es necesaria la presencia de iones bromuro para que se 




desinfectante para formar ácido hipobromoso (HOBr), el cual reacciona más 
fácilmente con la NOM que el ácido hipocloroso por ser un agente más eficaz en la 
etapa de sustitución halógena, por lo que se forma de inmediato haloacetaldehídos 
bromados.  
Se ha establecido una ruta de formación de dicloroacetaldehído (DCA) y 
CH durante la cloración y cloraminación de la materia orgánica proveniente de algas 
(Figura 2), concluyéndose que las mayores concentraciones de ambos se originan 
durante el proceso de cloración [21]. 
 
Figure 2. Vías propuestas para la formación de DCA y CH durante la cloración o 





Otros parámetros que influyen en la formación de los haloacetaldehídos son 
el pH y la temperatura del agua. Los acetaldehídos trihalogenados que contienen 
bromo son degradados, en parte, a sus correspondientes trihalometanos al aumentar 
el pH y la temperatura [22]; sin embargo, la formación de CH se incrementa con la 
temperatura (de 4 a 21 ºC) y a pH básico (pH 8–9), disminuyendo a mayores valores 
de pH al sufrir hidrólisis básica y formándose el correspondiente THM [22,23]. Por 
otra parte, a medida que aumenta el tiempo de contacto (tiempo de permanencia del 
agua en la red de distribución) se incrementa la concentración de CH. Además, se 
ha descrito que la formación de CH está más influenciada por el tipo de NOM que 
por su cantidad, aunque cuando se comparan materias orgánicas del mismo tipo, a 
mayor cantidad de la misma mayor formación de CH [23].  
Halocetonas: Este grupo de DBPs no está tan estudiado como los 
anteriores, por lo que no hay mucha información sobre los posibles mecanismos de 
formación de los mismos. Se tiene constancia de que los precursores de las 
halocetonas son principalmente pequeñas moléculas tales como cetonas, las cuales 
son fácilmente biodegradables [24,25]. Las halocetonas se pueden formar en el agua 
tratada con cloro, cloraminas y dióxido de cloro, así como con las combinaciones de 
ozono-cloro y ozono-cloraminas [7,26].  
Generalmente, las especies individuales mayoritarias de las halocetonas, y 
por tanto las más estudiadas, son 1,1,1-tricloroacetona (1,1,1-TCA) y 1,1-
dicloroacetona (1,1-DCA). Así, la formación de 1,1,1-TCA se favorece en el agua 
clorada, mientras que la de 1,1-DCA cuando el tratamiento se realiza con 
cloraminas. Esto se debe a que la 1,1-DCA se forma en primera instancia, la cual 
sufre una oxidación posterior con el cloro libre (caso de la cloración) para originar 
rápidamente 1,1,1-TCA (alcanza el máximo de concentración en menos de 7 h), la 
cual posteriormente sufre un proceso de hidrólisis formándose el correspondiente 
THM [27]. Por otra parte, en investigaciones recientes se ha demostrado que tanto 
la formación de 1,1-DCA como de 1,1,1-TCA son susceptibles a la variación de la 
temperatura [28]. También se ha establecido que a altos valores de pH las 
halocetonas sufren hidrólisis básica, siendo además dicha reacción más acusada en 




3. Planta de potabilización de agua 
Las plantas de potabilización de agua o ETAP (Estación de Tratamiento de 
Agua Potable) son infraestructuras que recogen el agua bruta captada para someterla 
a procesos físico–químicos y adecuarla a los valores de calidad que establece la 
legislación. Actualmente la normativa española que rige la calidad del agua de 
consumo humano es el Real Decreto 140/2003, de 7 de febrero, por el que se establecen los 
criterios sanitarios de la calidad del agua de consumo humano (BOE 45/2003, de 21 feb.), 
que supone la trasposición de la Directiva 98/83/CE, de 3 de noviembre de 1998 del 
Parlamento Europeo. 
  Las ETAP pueden tener múltiples configuraciones dependiendo de la 
calidad del agua en origen y de la calidad del agua final deseada, sin embargo poseen 
unos principios de tratamiento comunes, los cuales se explican a continuación: 
• Captación del agua bruta: Es el origen del abastecimiento. El agua bruta 
puede provenir de aguas superficiales (ríos, lagos, embalses, canales…) o de 
aguas subterráneas (pozos, manantiales, surgencias). Cuanta mayor calidad 
tenga, menores serán los tratamientos de potabilización a los que habrá que 
someterla. En ocasiones se construyen depósitos de reserva de agua bruta, 
que aseguran el suministro durante un cierto tiempo en caso de cortes de la 
fuente de abastecimiento. 
• Desbaste: La primera operación de pretratamiento consiste en la 
eliminación de los sólidos de gran tamaño que pueda contener el agua bruta 
en el punto de captación, por ejemplo hojas o ramas de árbol, piedras, etc.  
Para ello, se utilizan rejas y/o tamices que retienen los sólidos.  Cuando el 
contenido en arenas y sólidos similares en suspensión es elevado, se 
emplean canales desarenadores en los que los sólidos sedimentan por 
gravedad. 
• Preoxidación: Se le adiciona al agua un agente químico oxidante que 
reacciona con la materia orgánica e inorgánica disuelta en la misma, 
susceptible de ser eliminadas por oxidación. Los agentes oxidantes 





cloro, dióxido de cloro, permanganato potásico, ozono y peróxido de 
hidrógeno, bien solos o en combinación. 
• Coagulación/floculación y decantación: Antes de efectuarse la etapa de 
decantación, se ajusta el pH mediante la adición de ácidos (clorhídrico, 
sulfúrico) o de álcalis (hidróxido sódico, hidróxido cálcico) y se añaden al 
agua agentes coagulantes (sales de hierro o aluminio), que dan lugar a 
cationes multivalentes con cargas positivas que compensan la carga negativa 
de las partículas coloidales y por lo tanto eliminan las fuerzas de repulsión 
entre ellas, facilitando su coalescencia para dar lugar a partículas de mayor 
tamaño. Asimismo se añaden agentes floculantes (polielectrolitos) con el fin 
de aglutinar las partículas formadas en la coagulación para dar lugar a la 
formación de flóculos de mayor tamaño que se separan más fácilmente por 
decantación al descender a mayor velocidad. Así, en la etapa de decantación 
los flóculos formados por la acción de los agentes coagulantes y floculantes 
sedimentan en tanques de forma circular o rectangular, obteniéndose en la 
parte superior el agua clarificada y extrayéndose por el fondo una corriente 
de lodos que contienen los flóculos sólidos. Una variante de este proceso es 
la denominada decantación lastrada, en la que se utilizan partículas de arena 
para incrementar el peso y tamaño de los flóculos, aumentando su velocidad 
de decantación en el seno del agua y reduciendo el tiempo necesario para la 
misma. 
• Filtración: El agua sobrenadante de la etapa de decantación se somete a  
una etapa de filtración, la cual consiste en hacer pasar el agua, que todavía 
contiene materias en suspensión no separadas en la decantación, a través de 
un lecho filtrante que permite el paso del líquido pero no el de las partículas 
sólidas, las cuales se retienen en el medio filtrante. Los medios filtrantes más 
utilizados en el proceso de potabilización son la arena silícea y el carbón 
activo granular. Pueden ser filtros abiertos, que filtran por gravedad, o filtros 
cerrados, a presión. En el caso de utilizar el carbón activo como material 
filtrante, además de la retención de las partículas sólidas, se producirá la 
eliminación por adsorción de sustancias orgánicas, evitando la existencia de 




como es el caso de las membranas permeables (ultrafiltración, nanofiltración 
u ósmosis inversa).                                                                                                                                                                                                                       
• Desinfección: La etapa final del proceso de potabilización de agua de 
consumo humano es siempre la desinfección.  Se trata de la etapa de mayor 
importancia ya que ha de garantizar la eliminación de microorganismos 
patógenos que son los responsables de un gran número de enfermedades 
(tifus, cólera, hepatitis, gastroenteritis, salmonelosis, etc.). En algunos casos 
de plantas de potabilización  muy sencillas, la desinfección es la única etapa 
del proceso. Esta etapa puede conseguirse mediante el tratamiento con 
productos químicos o mediante la aplicación de radiación. 
La cloración es el procedimiento químico más utilizado para 
desinfectar el agua, consistente en utilizar cloro o alguno de sus derivados, 
como los hipocloritos de sodio o de calcio. La utilización de cloro presenta 
la gran ventaja de su bajo coste, además de que posee carácter de biocida 
residual, es decir, permanece en el agua hasta que llega al consumidor. En la 
actualidad la mayoría de las plantas potabilizadoras en España utilizan 
hipoclorito de sodio como agente desinfectante. La concentración de 
hipoclorito suele ser del 5%. El dióxido de cloro (ClO2) es un gas que se 
obtiene mezclando cloro con clorito sódico. Es relativamente inestable por 
lo que normalmente se genera en el lugar de aplicación. El ozono (O3) 
constituye la tercera alternativa química para la desinfección de agua potable, 
tras el cloro y el dióxido de cloro. La aplicación de ozono también se ha de 
realizar in situ debido a su inestabilidad. El poder de desinfección del ozono 
es 3.000 veces superior al del cloro, sin embargo presenta el inconveniente 
de su mayor coste y su baja persistencia ya que desaparece a los 30 minutos 
del tratamiento, mientras el cloro permanece durante 72 horas, tiempo 
suficiente para que el agua llegue desde la red de abastecimiento a los 
hogares de la ciudad y sea consumida. La radiación ultravioleta constituye 
una alternativa al uso del cloro y ozono en muchas aplicaciones de 
tratamiento de agua potable. El agua en circulación mediante una bomba se 
expone a la acción de una lámpara de rayos ultravioleta que desnaturalizan el 





ultravioleta provoca una desinfección efectiva sin originar  subproductos de 
desinfección problemáticos, como ocurre en el caso del cloro y sus 
derivados. 
4.  Toxicología 
El carbono del grupo carbonílico es un centro electrofílico y en 
consecuencia reacciona fácilmente con nucleófilos. Cuando los carbonos 2 y 3 
(también conocidos como α y β) están unidos a través de un doble enlace (por 
ejemplo, acroleína) la molécula se vuelve aún más reactiva [30]. La interacción del 
grupo C=O con el ADN, con las enzimas implicadas en la replicación del mismo o 
con el ARN, provoca un cambio en el material genético, siendo por tanto un 
posible mecanismo para explicar la carcinogénesis de estos compuestos. 
Compuestos carbonílicos no halogenados: Se describe a continuación 
los aspectos toxicológicos más relevantes de aldehídos alifáticos y aromáticos de 
bajo peso molecular. La Agencia Internacional para la Investigación sobre el Cáncer 
(International Agency for Research on Cancer, IARC) solo tiene clasificado a uno 
de estos aldehídos, el formaldehído, en el Grupo 1 (carcinógeno para los seres 
humanos) ya que puede provocar cáncer nasofaríngeo y leucemia [31].  
Está demostrado que el acetaldehído, primer metabolito del etanol, es 
cancerígeno para animales [32,33]. Pruebas epidemiológicas, genéticas, bioquímicas 
y microbiológicas han proporcionado una fuerte evidencia de que el acetaldehído es 
un carcinógeno que se acumula en los seres humanos [34–36]. Además, se considera 
teratogénico y genotóxico, debido a su capacidad de reaccionar con el ADN. Se 
relaciona la exposición crónica al acetaldehído, por inhalación, con un aumento de 
los niveles de los tumores nasales y de laringe en ratas y hámsteres [37]. 
La acroleína es una molécula altamente reactiva que reacciona con los 
residuos de cisteína, lisina e histidina de las proteínas mediante el bloqueo de sus 
grupos sulfhidrilos, lo que conduce a la toxicidad, a transiciones de proliferación 




El malondialdehído difunde a toda la célula y reacciona con el ADN y/o 
proteínas (principalmente con sus residuos de lisina), por lo que se ha asociado con 
la carcinogénesis y el envejecimiento en los seres humanos. La exposición a 
malondialdehído provoca el desarrollo de tumores en la glándula tiroides y en las 
células de los islotes pancreáticos de las ratas [37]. Así, por ejemplo, se han 
reportado niveles más altos de aductos del malondialdehído en tejidos pulmonares 
cancerosos en comparación con tejidos pulmonares sanos [38,39]. 
Las propiedades mutagénicas y genotóxicas del crotonaldehído se han 
estudiado en las células humanas linfoblásticas. Además, el crotonaldehído puede 
inducir mutaciones en Escherichia coli y Salmonella typhimurium, dando lugar a 
aberraciones cromosómicas (probablemente debido tanto a la inhibición de la 
topoisomerasa I y II, como de la síntesis de ADN) y a la inhibición de la replicación 
del ADN en las células HeLa. Por otra parte, el crotonaldehído parece tener la 
capacidad de inducir la formación atípica de esperma. La capacidad del 
crotonaldehído para reaccionar con proteínas (especialmente los residuos de lisina) 
está asociada con el Alzheimer y otros trastornos neurodegenerativos. Por otra 
parte, se atribuye al crotonaldehído el desarrollo de inflamaciones neurogénicas en 
las vías respiratorias y de enfermedades pulmonares crónicas debido a su capacidad 
para bloquear la actividad de desintoxicación de enzimas, tal como la aldehído 
deshidrogenasa [37]. 
Aunque el glioxal puede formar aductos con la 2’-desoxiadenosina, 2’-
desoxicitidina y citidina, muestra cierta preferencia por la interacción con los 
residuos de guanina. El metilglioxal reacciona con el ADN, lípidos y proteínas 
(principalmente a través de los residuos de arginina, lisina y cisteína). El metilglioxal 
se considera altamente citotóxico y se ha asociado con complicaciones del síndrome 
urémico y diabetes, tales como la nefropatía, retinopatía y aterosclerosis. Además, se 
ha vinculado con el daño al sistema inmune a través de interacciones con la 






En lo que respecta al butiraldehído, las evidencias que hay tanto en 
animales como en humanos son insuficientes para clasificarlo como carcinógeno. 
Los resultados de las pruebas de mutagenicidad a corto plazo no son claros. Se ha 
encontrado que el butiraldehído es un anestésico en ratas a niveles altos después de 
una exposición por inhalación, aunque es poco probable que se alcancen dichas 
concentraciones en humanos por exposición al mismo [40].  
El Programa Nacional de Toxicología ha realizado estudios con el 
benzaldehído sin encontrar evidencias de carcinogenicidad en ratas, pero sí alguna 
en ratones. Tras su absorción en el organismo (vía dérmica o por inhalación) se 
distribuye a todos los órganos pero no se acumula en cualquier tipo de tejido 
específico. Debido a que se metaboliza rápidamente a ácido benzoico en la piel, no 
hay datos disponibles de irritación dérmica y sensibilización que demuestren 
reacciones adversas al ácido benzoico, y por ende al benzaldehído. Además, varios 
estudios han sugerido que puede tener propiedades carcinostáticas o antitumorales 
[41,42]. 
El 3-metilbenzaldehído puede causar irritación en la piel y en el sistema 
respiratorio si se inhala [43,44]. Hasta la fecha no se disponen de datos suficientes 
para evaluar la posible toxicidad de los otros aldehídos alifáticos y derivados del 
benzaldehído que han sido objeto de estudio en esta Tesis Doctoral.  
Compuestos carbonílicos halogenados: Se comentan a continuación los 
aspectos toxicológicos más relevantes de haloacetaldehídos y halocetonas.  
Estudios toxicológicos han puesto de manifiesto el carácter mutagénico del 
cloroacetaldehído en células bacterianas y de mamíferos in vitro pero no en 
ratones. Además de ser un DBP, este compuesto es también un metabolito del bien 
caracterizado como mutágenico y carcinógeno, el cloruro de vinilo. Respecto a la 
carcinogénesis, se ha demostrado que el cloroacetaldehído causa tumor de hígado 





El hidrato de cloral es un mutagénico de acción-directa in vitro e induce 
mutaciones en bacterias; aneuploidía y micronúcleos en mamíferos in vivo; y 
aneuploidía, micronúcleos, aberraciones cromosómicas, mutaciones genéticas, y 
transformación celular en las células de los mamíferos in vitro. También origina 
daños en el ADN de roedores. El hidrato de cloral se metaboliza en los seres 
humanos y roedores a ácido tricloroacético, tricloroetanol, y ácido dicloroacético. 
Puede causar tumor en el hígado de roedores, al igual que el cloroacetaldehído [3]. 
Liviac y col. han mostrado que el tribromoacetaldehído es más citotóxico y 
genotóxico que el correspondiente clorado, el hidrato de cloral. Como se indica en 
los estudios cinéticos de reparación, el daño que inducen ambos en el ADN es 
eficientemente reparado, sobre todo el producido por el hidrato de cloral. Además, 
estos haloacetaldehídos son capaces de inducir altos niveles de daño oxidativo en el 
ADN. En contraste, ninguno de ellos puede producir un daño genético fijo [45]. 
Las halocetonas monosustituidas con cloro o bromo en el carbono en 
posición α o en el carbono terminal presentan un apreciable potencial como  
agentes alquilantes, mientras que las halocetonas con halógenos activos en ambos 
extremos de la cadena alifática son potenciales agentes de reticulación. Por otro 
lado, las halocetonas con halogenación múltiple en ambos carbonos en posición α 
pueden dar lugar a compuestos inestables. La estabilidad de las cetonas cloradas en 
soluciones acuosas sigue este orden: 1,3-dicloro > pentacloro >> hexacloro [46].  
Consistente con su potencial reactividad química como agentes alquilantes, 
se ha demostrado que tres cloroacetonas reaccionan directamente con el glutatión, 
conforme al siguiente orden: 1,3-dicloro > monocloro > 1,1-dicloro [47]. Sólo la 
1,3-dicloroacetona mostró resultados claramente positivos de actividad tumoral en 
la piel de ratones SENCAR, mientras que la mono-, 1,1-, 1,1,1- y 1,1,3- 
cloroacetonas originaron resultados negativos [48]. Entre las cloroacetonas 
mutagénicas, la potencia mutagénica relativa sigue el orden: 1,3- > 1,1,3,3- > penta- 
> 1,1,3- > 1,1,1- > 1,1-, siendo la potencia de la 1,3- entre 100 y 1.000 veces mayor 
que la que presenta la 1,1-. Los resultados obtenidos en el ensayo de Ames para la 





5.  Metodología analítica 
Las metodologías analíticas descritas en la bibliografía para la determinación 
de compuestos carbonílicos en muestras de agua se pueden dividir en dos grandes 
grupos:  
1) Métodos analíticos para la determinación de compuestos carbonílicos 
no halogenados: aldehídos alifáticos y aromáticos. 
2) Métodos analíticos para la determinación de compuestos carbonílicos 
halogenados: haloacetaldehídos y halocetonas. 
 En estas metodologías se pueden diferenciar tres etapas fundamentales en el 
proceso analítico: 1) muestreo, 2) extracción, y 3) separación/determinación de los 
analitos. En el caso de la determinación de compuestos carbonílicos no halogenados 
se requiere una etapa adicional de derivatización de los analitos antes del proceso de 




Compuestos carbonílicos no halogenados: La estabilización de las 
muestras mediante la adición de sales (cloruro de amonio, sulfato de cobre o 
tiosulfato de sodio) es un procedimiento habitual en los Métodos EPA oficiales para 
la determinación de compuestos carbonílicos en muestras de agua. El Método EPA 
556.1 [49] se basa en la determinación de estos compuestos mediante cromatografía 
de gases (GC) con el empleo de un detector de captura de electrones (ECD), 
mientras que el Método EPA 8315A [50] hace uso de la cromatografía de líquidos 
(LC) con detección ultravioleta/visible (UV/Vis). Así, por ejemplo, en el Método 
EPA 556.1 se propone la adición de 15 mg de sulfato de cobre pentahidratado 
(biocida) y de 15 mg de cloruro de amonio o sulfato de amonio (convierte el cloro 
libre en combinado) por cada 30 mL de muestra (conservada en recipiente de vidrio 




han de conservar a 4 ºC en la oscuridad hasta su análisis, así como que el tiempo 
transcurrido entre la toma de la muestra y el análisis no debe exceder los 3–7 días.  
Compuestos carbonílicos halogenados: El Método EPA 551.1, 
establecido para la determinación de compuestos orgánicos volátiles halogenados en 
agua [51], incluye entre otros analitos (DBPs, disolventes y plaguicidas halogenados) 
al hidrato de cloral y dos halocetonas. Aunque el Método EPA 551.1 aborda la 
determinación de una gran variedad de analitos, se propone como metodología 
general para la conservación de las muestras añadir cloruro de amonio en una 
concentración aproximada de 0.1 mg/mL. Si bien, en el caso del hidrato de cloral se 
propone utilizar sulfito de sodio, pues con cloruro de amonio las recuperaciones 
son inferiores al 50%. Por último, las muestras deben ser refrigeradas a 4 ºC hasta 
su análisis. 
 
5.2. Derivatización de compuestos carbonílicos no halogenados 
Como se ha indicado anteriormente, esta etapa del proceso analítico es sólo 
necesaria en el caso de compuestos carbonílicos no halogenados de bajo peso 
molecular: aldehídos alifáticos y aromáticos. Habitualmente se efectúa en primer 
lugar la derivatización de los compuestos de interés y posteriormente, se lleva a 
cabo la extracción y preconcentración de los derivados. 
La derivatización es un proceso químico por el cual se modifican las 
características de los analitos mediante una reacción química para mejorar su 
separación cromatográfica y/o detección (incremento de la sensibilidad).  
Se ha propuesto una gran variedad de reactivos para la derivatización de 
compuestos carbonílicos. Los más utilizados son la o-2,3,4,5,6-(pentafluorobencil) 
hidroxilamina (PFBHA), cuyos derivados (oximas) se separan mediante GC 
(Método EPA 556.1 [49]) y la 2,4-dinitrofenilhidracina (DNPH), las 
correspondientes hidrazonas se separan por LC (Método EPA 8315A [50]). 





medida, la 1-dimetilaminonaftaleno-5-sulfonil hidracina, más conocida como 
dansilhidracina (DNSH) [52]. 
Estos reactivos contienen en su estructura un grupo amino terminal 
mediante el cual se lleva a cabo la reacción de derivatización con el compuesto 
carbonílico (reacción de condensación). Así, se puede establecer un mecanismo 
general de derivatización para los mismos, tal como se muestra en la Figura 3. 
 
Figura 3. Mecanismo de derivatización de compuestos carbonílicos con reactivos que 
poseen un grupo amino terminal. 
Esta reacción consta de dos etapas fundamentales. En la primera se produce 
la adición nucleofílica del grupo amino terminal del reactivo derivatizante al grupo 
carbonílico del analito. De este modo, y a través de una transferencia rápida de 
protones, se forma un intermedio inestable denominado hemiaminal o 
carbinolamina. En la segunda etapa de la reacción se produce la eliminación de una 
molécula de agua, la cual suele estar catalizada en medio ácido. El producto de la 
reacción se denomina oxima o hidrazona, en función de que el reactivo 
derivatizante contenga un grupo hidroxilamino (PFBHA) o un grupo hidracino 




En el caso de la DNPH y DNSH, la etapa que controla la cinética de la 
reacción es la eliminación de la molécula de agua del hemiaminal protonado 
(catalizada en medio ácido). Sin embargo, en el caso de la PFBHA la reacción está 
catalizada tanto en medio ácido como básico. En el primer caso, la etapa limitante 
es la protonación del hemiaminal, mientras que en medio básico es la deshidratación 
del mismo [53,54]. 
Estos reactivos sólo permiten la derivatización de aldehídos y cetonas, ya 
que otros compuestos carbonílicos como ésteres, amidas y ácidos carboxílicos 
presentan una mayor estabilidad frente a la adición nucleófila (primer paso de la 
reacción de derivatización).  
A continuación, se describen algunas características de los tres reactivos 
derivatizantes: PFBHA, DNPH y DNSH, incidiendo en las variables que ejercen un 
efecto más acusado sobre la reacción de derivatización, como son el pH, 
temperatura y tiempo de reacción. Se ha tomado como referencia los métodos 
oficiales recomendados por la EPA así como aquellas contribuciones enfocadas a 
mejorar fundamentalmente la eficiencia del proceso de derivatización en batch de los 
compuestos carbonílicos. 
O-2,3,4,5,6-pentafluorbencilhidroxilamina (PFBHA) 
Este compuesto es el más utilizado para la derivatización de compuestos 
carbonílicos previo a su determinación en muestras de agua mediante GC [49,55–
63]. Dado que las oximas que se forman son apolares, se extraen fácilmente 
utilizando disolventes orgánicos. Los métodos que emplean para la detección de las 
oximas un ECD presentan una alta sensibilidad debido a los cinco átomos de flúor 
que éstas poseen en su estructura [49,56,59].  
Tanto en el Método EPA 556.1 como en otros descritos en la bibliografía, el 
pH de la muestra acuosa se ajusta ~4 [49,56,59,61], aunque en algunos casos la 
reacción de derivatización se lleva a cabo al pH de la propia muestra de agua, es 
decir, sin ajuste del mismo [57,58,60,62,63]. Una vez completado el proceso de 





las interferencias del exceso de PFBHA en la etapa de separación cromatográfica 
[49]. 
Aunque el Método EPA 556.1 propone calentar en batch a 35 ºC durante 2 h 
[49], la derivatización se puede llevar a cabo en un amplio intervalo de temperaturas, 
desde temperatura ambiente (~25 ºC) [59] a 80 ºC [61], lo que incide directamente 
en el tiempo de reacción: éste se puede reducir a los 30 min [60] cuando se trabaja a 
altas temperaturas o llegar incluso a las 12 h en el caso de la derivatización de las 
cetonas [59].  
Finalmente se ha de reseñar la formación de isómeros Z y E, salvo en el 
caso de compuestos carbonílicos que no posean un carbono asimétrico, por lo que 
en los cromatogramas aparecen dos picos por cada compuesto carbonílico 
correspondientes a cada uno de los isómeros formados. En el caso de los 
compuestos dicarbonílicos, como el glioxal y metilglioxal, aparecen cuatro isómeros, 
dos por cada grupo carbonílico que posee el aldehído [55]. 
2,4-dinitrofenilhidracina (DNPH) 
A diferencia de la PFBHA, cuyas disoluciones se preparan simplemente en 
agua, las de la DNPH requieren un proceso un poco más laborioso. Se han descrito 
dos procedimientos para preparar estas disoluciones: el primero, propuesto en el 
Método EPA 8315A [50], consiste en la disolución del reactivo en acetonitrilo; esto 
requiere un posterior ajuste del pH de la muestra de agua para llevar a cabo la 
derivatización; en el segundo, la DNPH se prepara en una mezcla de acetonitrilo, 
agua y ácido [52] o etanol, agua y ácido [64] no siendo necesario en este caso el 
posterior ajuste del pH de la muestra para llevar a cabo la reacción de 
derivatización. Una vez preparada la disolución de DNPH debe almacenarse en la 
oscuridad ya que las hidracinas son fotosensibles. 
Indistintamente del procedimiento seguido para preparar la disolución de 
DNPH, la mezcla reactivo-muestra debe tener un pH final entre 1 y 3 para llevar a 





En el Método EPA 8315A la derivatización en batch se lleva a cabo durante 
1 h a 40 ºC [50]. Sin embargo, en otros casos se propone desarrollar la reacción de 
derivatización tanto a temperatura ambiente [65] como calentando a 60 ºC [66] y 
con tiempos de reacción que oscilan desde 1h, para los aldehídos alifáticos de bajo 
peso molecular, hasta más de 12 horas para los aldehídos dicarbonílicos [67].  
Dansilhidracina (DNSH) 
Aunque el uso de este reactivo no está recogido en un método oficial de la 
EPA, es interesante comentar sus características como agente derivatizante de 
compuestos carbonílicos ya que es una excelente alternativa para incrementar la 
sensibilidad en la determinación de estos compuestos debido a sus propiedades 
luminiscentes.   
La DNSH es fotosensible por lo que sus disoluciones deben almacenarse en 
la oscuridad tras su preparación en una mezcla metanol:agua (80:20) [68], 
isopropanol [69] o acetonitrilo [70]. En la mayoría de los casos la muestra de agua se 
acidifica (pH 3.0–4.5) para llevar a cabo la reacción de derivatización [70,71]. La 
influencia de los parámetros cinéticos que afectan a la reacción de derivatización 
(temperatura y tiempo de reacción) es similar a la ya comentada para la DNPH, si 
bien se requiere en general un mayor tiempo de reacción, llegando en algunos casos 
hasta un máximo de 24 h [72]. 
 
5.3. Extracción y preconcentración 
Los objetivos de esta etapa del proceso analítico son tanto extraer a los 
analitos diana de la matriz de la muestra debilitando la interacción matriz-analito 
(una vez derivatizados en el caso de compuestos carbonílicos no halogenados), 
como su preconcentración. Las técnicas analíticas más utilizadas para la extracción 





extracción en fase líquida y en fase sólida, así como sus variantes miniaturizadas 
(microextración en fase líquida y en fase sólida). A continuación, se describe de 
forma detallada el uso de cada una de estas técnicas en este contexto. 
5.3.1. Extracción en fase líquida  
La extracción líquido-líquido (LLE) es una técnica que se basa en el 
equilibrio de distribución de los analitos entre dos fases líquidas inmiscibles, donde 
una de esas fases es generalmente acuosa y la otra un disolvente orgánico.  
La LLE es la técnica empleada en los Métodos EPA 556.1 [49] y 8315A 
(Procedimiento 1) [50] para la extracción de derivados de compuestos carbonílicos 
no halogenados, y en el Método EPA 551.1 [51] para la extracción directa de 
compuestos carbonílicos halogenados.  
En el Método EPA 556.1 [49] la extracción de los PFBHA-derivados 
formados en la muestra de agua se lleva a cabo en n-hexano. Posteriormente se 
procede a una etapa de lavado con una disolución ácida (generalmente ácido 
sulfúrico) con objeto de reducir la interferencia originada por el exceso de reactivo 
derivatizante. Finalmente se procede al secado del extracto orgánico con sales 
anhidras (usualmente sulfato de sodio). El factor de preconcentración (relación fase 
acuosa/fase orgánica) que se consigue con esta metodología es de 5. 
En el caso del Método EPA 8315A [50] se obtiene un extracto de los 
DNPH-derivados tras una extracción múltiple (3 etapas) con diclorometano. Se 
combinan las tres porciones y el extracto final se seca con sulfato de sodio anhidro. 
Finalmente se lleva a sequedad en un rotavapor y se reconstituye en acetonitrilo. Se 
consigue un factor de preconcentración de 20. 
La extracción directa de compuestos carbonílicos halogenados mediante el 
Método EPA 551.1 [51] se realiza en metil tert-butil éter (MTBE) en presencia de 
sulfato de sodio y sulfato de cobre. En este caso se consigue un factor de 
preconcentración de 17. 
La LLE convencional ha sido muy utilizada para la extracción directa de 
compuestos carbonílicos halogenados en muestras de agua (siguiendo generalmente 




previa de separación en metodologías enfocadas a la identificación de nuevos DBPs 
tras el tratamiento de agua con diversos agentes desinfectantes [20–23,25–28, 
73,74]. En el caso de la identificación de nuevos DBPS no halogenados (incluyendo 
compuestos carbonílicos) se han desarrollado metodologías basadas en el empleo de 
la PFBHA (GC–ECD) [18,75] y de la DNPH (LC–UV) [65] basadas en los 
Métodos EPA 556.1 y 8315A, respectivamente. Se han propuesto escasas 
contribuciones en las que la LLE se haya utilizado como etapa de 
separación/preconcentración para la determinación cuantitativa de compuestos 
carbonílicos [59], a excepción de los métodos oficiales ya indicados. 
Como es conocido, el empleo de la LLE conlleva un elevado consumo de 
disolventes orgánicos, los cuales son tóxicos. Con el fin de reducir el elevado coste y 
el impacto medioambiental asociado a esta técnica, y siguiendo la tendencia de la 
Química Verde, han surgido las técnicas de microextracción en fase líquida (LPME). 
Con el actual uso de estas técnicas de LPME no solo se consigue reducir el impacto 
medioambiental, sino también el coste y tiempo de la etapa de preparación de 
muestra, así como factores de preconcentración más elevados [76]. 
En este punto cabe resaltar que en el caso de los compuestos carbonílicos 
halogenados no se han encontrado referencias en la bibliografía sobre la utilización 
de las técnicas de LPME para la extracción directa de HAs y/o HKs en muestras de 
agua. Por lo que a continuación se describen las modalidades de LPME utilizadas 
para la extracción de los derivados de compuestos carbonílicos no halogenados. 
 Microextracción en una gota de disolvente (SDME) 
La SDME se basa en la distribución de los analitos entre una disolución 
acuosa (muestra) y una microgota de un disolvente orgánico inmiscible con el agua. 
La microgota se encuentra suspendida en la punta de una microjeringa, la cual se 
puede sumergir directamente en la muestra (D–SDME) o ser suspendida por 
encima de la misma (modalidad de espacio de cabeza, HS–SDME). De esta manera, 
los factores de enriquecimiento que se pueden obtener son elevados debido a la alta 





De ambas modalidades, sólo se ha utilizado la HS–SDME para la 
determinación de compuestos carbonílicos en muestras de agua, y en concreto para 
aquellos no halogenados. En todos los casos, la extracción y derivatización se lleva a 
cabo de manera simultánea en la gota [60,78,79]. Los aldehídos alifáticos han sido 
los compuestos carbonílicos más estudiados [60,78,79] y sólo se puede reseñar una 
contribución en la que se aborda la determinación de diversos tipos de compuestos 
carbonílicos por LC–detector de diodos en fila (DAD) incluyendo, formaldehído, 
acetona, benzaldehído y benzofenona entre otros[79]. 
La elección del extractante es un aspecto fundamental en esta técnica. Se ha 
utilizado decano, n-octanol y 1-butanol para formar la microgota que contiene 
PFBHA [60], 2,4,6-triclorofenilhidracina [78] y DNPH [79], respectivamente, como 
reactivo derivatizante. Se han utilizado volúmenes de microgota que oscilan entre 2 
[60] y 7 µL [79], con tiempos de derivatización/extracción entre los 6 y 15 min, para 
temperaturas óptimas comprendidas entre 30 y 50 ºC [60,78,79]. En esta modalidad 
es importante la agitación de la muestra, ya que aunque a mayor agitación se 
requiere un menor tiempo para alcanzar el equilibrio termodinámico, una agitación 
prolongada puede desestabilizar la gota y hacer que se desprenda, lo que originaría 
una disminución de la robustez del método. Por tanto, se recomienda mantener la 
velocidad de agitación entre 550 y 1100 rpm [60,78]. Otros variables como el 
volumen de espacio de cabeza o la fuerza iónica de la muestra también inciden en el 
proceso de derivatización/extracción, aunque en ningún caso se requiere un ajuste 
del pH de la muestra. 
 Microextracción líquido-líquido dispersiva (DLLME) 
En la DLLME la dispersión del extractante se consigue añadiendo unas 
gotas de una tercera fase (dispersante) que es miscible con las otras dos (muestra y 
extractante). Tras en proceso de extracción, la muestra se centrifuga para romper la 
dispersión y poder separar la fase extractora. La adición de una tercera fase de 
dispersión (por lo general, metanol, acetona o acetonitrilo) origina una disminución 
del valor de la relación de distribución de los analitos, por lo que la tendencia actual 




ultrasonidos (UDLLME), ya que ésta acelera la transferencia de masas entre la 
muestra y la fase de extracción, reduciendo el tiempo de equilibrio [76]. 
Sólo se ha encontrado un precedente sobre la aplicación de esta técnica para 
la determinación de compuestos carbonílicos (aldehídos alifáticos en concreto) en 
muestras de agua [63]. La derivatización y extracción se llevan a cabo 
simultáneamente, utilizando PFBHA como reactivo derivatizante. En este caso, a 5 
mL de muestra de agua se le añaden 20 µL de clorobenceno (extractante) y 1 mL de 
etanol (agente dispersante). La mezcla resultante se somete a la radiación de 
ultrasonidos durante 2 min para favorecer la dispersión/extracción en una única 
etapa. Finalmente, se centrifuga a 6000 rpm durante 3 min para separar las fases. 
 Microextracción líquido-líquido asistida por sales (SALLME) 
En esta técnica se le añade a la muestra (fase acuosa) un pequeño volumen 
de un disolvente orgánico miscible con agua y una sal. El fundamento de la 
SALLME es el efecto salting-out producido por la presencia de la sal que origina 
tanto un aumento de la relación de distribución de los analitos como una reducción 
de la miscibilidad de los dos líquidos [66].  
En la bibliografía solo se ha encontrado una referencia que propone el 
empleo de esta técnica para la extracción de compuestos carbonílicos en muestras 
de agua incluyendo formaldehído (como único aldehído alifático), varias cetonas y 
benzaldehído [66]. La derivatización (con DNPH) y extracción de los analitos no se 
llevan a cabo de manera simultánea. Así, tras el proceso de derivatización, las 
correspondientes hidrazonas (~3.5 mL de muestra) se extraen en 500 µL de 
acetonitrilo tras saturar el sistema con sulfato de amonio. Después de la separación 
de las fases, se pueden recoger hasta 150 µL de acetonitrilo conteniendo los analitos. 
Esta metodología es muy adecuada para la determinación de compuestos 
carbonílicos mediante LC dada la compatibilidad del disolvente orgánico utilizado 







5.3.2. Extracción en fase sólida 
Con esta técnica de extracción se consiguen mayores factores de 
preconcentración y un menor consumo de disolvente orgánico que con la LLE. La 
SPE se basa en la diferente afinidad que presenta el analito o la matriz de la muestra 
por una determinada fase sólida (denominada sorbente). Al pasar la muestra a través 
de dicho sorbente (polar, apolar, etc.), algunos compuestos quedan retenidos en el 
mismo, mientras que otros pasan inalterados. Si los analitos objeto de estudio se 
retienen, se eluyen finalmente con un pequeño volumen de disolvente [80].  
Sólo se ha encontrado una referencia en la bibliografía sobre la aplicación de 
esta técnica de extracción en la determinación de compuestos carbonílicos 
halogenados, debido probablemente al riesgo de pérdidas por evaporación debido a 
la alta volatilidad de estos compuestos [81]. En ella se propone la determinación de 
35 DBPs en agua, entre los que se incluyen los siete haloacetaldehídos más 
relevantes y halocetonas como 1,1-dicloroacetona y 1,1,1-tricloroacetona. La 
extracción de los analitos de las muestras de agua se lleva a cabo empleando un 
copolímero de poliestireno-divinilbenceno (PS-DVB) como sorbente y se eluyen 
finalmente con MTBE. Al comparar la extracción de estos compuestos mediante 
SPE y LLE se observa la menor eficiencia que se presenta generalmente cuando se 
utiliza SPE. Así, por ejemplo, para dihaloacetaldehídos se obtienen porcentajes de 
recuperación entre un 32 y un 47% inferior cuando se utiliza SPE. 
La situación para compuestos carbonílicos no halogenados es bien diferente 
ya que la SPE se ha utilizado ampliamente como técnica de extracción de los 
derivados formados en las muestras de agua tras el proceso de derivatización. En 
todos los casos se emplea DNPH como agente derivatizante y las hidrazonas 
formadas se eluyen fácilmente con acetonitrilo. El sorbente más utilizado para la 
extracción de los DNPH-derivados del agua es la sílice enlazada con grupos 
octadecilo (C18) que tiene carácter apolar [67,82–84]. Así, las interacciones entre los 
derivados formados y este sorbente se llevan a cabo por fuerzas de Van der Waals. 
En estos casos el desarrollo experimental de la etapa de SPE se realiza en batch 
utilizando cartuchos [50,67,82,84] o discos [83]. La cantidad de sorbente utilizado 
oscila entre 200 y 500 mg para un volumen total de muestra comprendido entre 25 




disco, se ha utilizado mayoritariamente acetonitrilo (1–20 mL) como disolvente 
orgánico. A veces, después de la elución, se realiza una etapa adicional de 
preconcentración.  
La tendencia actual de la Química Analítica a la miniaturización de los 
sistemas de extracción ha llevado al desarrollo de la técnica de micro-SPE (µ-SPE), 
reduciéndose drásticamente la cantidad de disolvente orgánico utilizado, así como el 
tiempo de análisis. En este contexto, Takeda y col. proponen insertar una 
minicolumna de C18 en el lugar del bucle de muestra del sistema de inyección de un 
LC. Con este sistema es necesario que la derivatización con DNPH se realice 
previamente al proceso de preconcentración de las hidrazonas en la minicolumna 
[85]. Recientemente, y haciendo uso de la µ-SPE, se ha desarrollado un sistema de 
flujo automático que permite la derivatización-preconcentración in situ con DNPH 
tanto de aldehídos alifáticos [52,86–90] como aromáticos [87–90]. Las 
minicolumnas utilizadas en estos casos se preparan en el laboratorio a partir de 
capilares de politetrafluoroetileno (PTFE), con una longitud de 1 cm y un diámetro 
interno de 3 mm. En este contexto, es importante destacar la propuesta de 
Fernández-Molina y Silva [89,90] en lo referente al empleo de TelosTM ENV como 
sorbente en sistemas de µ-SPE utilizados en metodologías para determinar 
aldehídos tanto alifáticos como aromáticos. Este sorbente permite llevar a cabo el 
proceso de derivatización a valores elevados de acidez (HCl 2.0 mol/L) con lo que 
se incrementa apreciablemente la eficiencia del mismo; y en consecuencia, permite 
tratar volúmenes elevados de muestra (100 mL) y alcanzar elevados factores de 
preconcentración del orden de 1000. En otras investigaciones se han ensayado 
sorbentes de polaridad moderada, como el C2, pero sólo se obtienen buenos 
resultados para DNPH-derivados de aldehídos de muy bajo peso molecular (de C1 
a C5) y las columnas sólo se puede reutilizar hasta 15 veces [91]. 
Del mismo modo que en la LLE, se han desarrollado una serie de 
modalidades de microextracción basadas en la SPE, comentándose a continuación 






 Microextracción en fase sólida (SPME) 
J. Pawliszyn desarrolló la técnica de SPME en 1989, aunque recientemente 
ha publicado un manual que proporciona una descripción exhaustiva de los 
principios fundamentales, aplicaciones recientes y detalles de los procedimientos 
analíticos publicados hasta la fecha [92] haciendo uso de la misma. Esta técnica 
elimina el uso de disolventes orgánicos, lo cual está en consonancia con los 
principios de la Química Verde. El dispositivo consiste en una fibra de sílice 
fundida recubierta con un material sorbente. La fibra, químicamente inerte y estable 
a altas temperaturas, gracias a sus dimensiones y geometría se puede incorporar 
fácilmente en el interior de una aguja de acero inoxidable lo que le permite atravesar 
tantos los septa de los viales como del portal de inyección del cromatógrafo. La 
extracción se puede llevar a cabo en dos modalidades: directa (D–SPME), en la que 
la fibra se expone directamente a la muestra, produciéndose el reparto de los 
analitos entre el recubrimiento de la fibra y la muestra; y espacio de cabeza (HS–
SPME), en la que el reparto de los analitos se lleva a cabo entre tres fases 
(muestra/espacio de cabeza/fibra). En SPME no se suele lograr una extracción 
cuantitativa de los analitos a menos que se trabaje en unas condiciones drásticas. 
Una vez finalizada la etapa de extracción, la fibra se retracta, se retira de la muestra y 
se introduce en el portal de inyección del GC (desorción térmica de los analitos) o 
del LC (elución con disolventes).  
La modalidad D–SPME se suele utilizar en el caso de analitos poco volátiles 
y/o matrices sencillas, mientras que la HS–SPME se emplea para analitos (semi) 
volátiles y/o matrices complejas. Con esta última modalidad se evita la retención en 
la fibra de compuestos indeseados de alto peso molecular provenientes de la matriz 
de la muestra, y además se permiten tratamientos agresivos sobre la muestra sin que 
se dañe la fibra, tales como empleo de agentes oxidantes, trabajar en condiciones 
extremas de pH, etc. De manera general, las limitaciones de la SPME están 
relacionadas principalmente con el coste de las fibras, el daño producido en las 
mismas por los reactivos derivatizantes y su baja reproducibilidad; sin embargo, 
presentan una serie de ventajas, tales como: simplicidad, capacidad de 
automatización, empleo de pequeños volúmenes de muestra y generalmente no 




En el campo de la determinación de compuestos carbonílicos halogenados 
en muestras de agua, la modalidad utilizada en las dos publicaciones existentes en la 
bibliografía ha sido la HS–SPME, debido a la volatilidad de estos compuestos 
[93,94]. Antoniou y col. [93] han determinado 1,1-DCA y 1,1,1-TCA, junto con 
otros VOCs, en muestras de agua usando una fibra de dos fases de 
carboxeno/polidimetilsiloxano (CAR/PDMS). Sin embargo, en una publicación 
más reciente se propone como óptima la fibra de DVB/CAR/PDMS (tres fases) 
para extraer las citadas HKs en muestras acuosas [94]. Para llevar a cabo la 
extracción, el tiempo de exposición de la fibra al espacio de cabeza varía de 15 a 30 
min, con una temperatura de 30–35 ºC. La desorción de los analitos en el inyector 
del cromatógrafo se realiza entre 2 y 10 min a una temperatura de 250–265 ºC, bien 
de forma manual [93] o automática [94]. 
En el caso de la determinación de compuestos carbonílicos no halogenados 
en muestras de agua, siempre es necesaria una etapa de derivatización de los 
mismos, generalmente con PFBHA. Esta etapa se puede llevar a cabo bajo tres 
modalidades: 
1) Derivatización en la muestra: inicialmente se lleva a cabo el proceso de 
derivatización de los analitos en la muestra acuosa, normalmente siguiendo 
el procedimiento del Método EPA 556.1 [49], y posteriormente la 
extracción de las oximas se realiza por exposición directa de la fibra a la 
muestra (D–SPME) [61] o bien al espacio de cabeza de la misma (HS–
SPME) [56,61], 
2) Derivatización en la fibra (HS–SPME–OFD): En este caso se expone en 
primer lugar la fibra al espacio de cabeza de la disolución del reactivo 
derivatizante, y una vez cargada ésta con PFBHA, se expone al espacio de 
cabeza para extraer los analitos de la muestra [58,61,62], y 
3) Derivatización/extracción in situ: ambos procesos se llevan a cabo de manera 
simultánea ya que la fibra se expone al espacio de cabeza de la muestra que 
contiene el agente derivatizante [95].  
 Mayoritariamente los analitos objeto de estudio en estos trabajos son los 
aldehídos alifáticos [56,58,61,62,95], aunque en algunos casos se incluyen 





como óptima para la extracción de estos compuestos carbonílicos. De ellas, cabe 
resaltar aquella desarrollada por Beránek y Kubátová ya que incluye una amplia 
variedad de aldehídos en el estudio y además realiza un interesante estudio 
comparativo entre las diferentes modalidades de trabajo: D–SPME, HS–SPME y 
HS–SPME–OFD [61]. En lo que respecta a aldehídos alifáticos (C1–C7), se 
requieren 30 min a 40 ºC para su extracción haciendo uso de HS–SPME y HS–
SPME–OFD; y sin embargo, se necesitan hasta 60 min en el caso de D–SPME. 
Para intentar acelerar la etapa extracción en este último caso, se propone 
incrementar la temperatura a 80 ºC durante 30 min, obteniéndose los mismos 
resultados en un menor tiempo. En el caso de aldehídos aromáticos, el equilibrio se 
alcanza en 30 min a 60–70 ºC cuando la extracción se realiza mediante HS–SPME–
OFD, siendo necesario un mínimo de 80 ºC en el caso de usar D–SPME o HS–
SPME. Los aldehídos dicarbonílicos no se detectaron cuando se emplea el modo 
HS–SPME–OFD, si bien se pueden determinar por D–SPME o HS–SPME tras un 
proceso de extracción a 80 ºC durante 30 min. Los mejores límites de detección 
para todos los aldehídos se alcanzan cuando se utiliza la modalidad D–SPME. No 
obstante, otros trabajos encontrados en la bibliografía utilizan tanto la técnica de 
HS–SPME [56] como la de HS–SPME–OFD [58,62] para llevar a cabo la 
extracción de estos compuestos con buenos resultados.  
Finalmente, es importante comentar la única contribución existente en la 
bibliografía en la que se llevan a cabo los procesos de derivatización/extracción de 
manera simultánea [95]. En este caso, la muestra de agua que contiene los 
compuestos carbonílicos se hace reaccionar durante 30 min a 40 ºC con 2,2,2-
trifluoroetilhidracina (TFEH) en un vial de espacio de cabeza. Se produce de forma 
simultánea la formación de los TFEH-derivados, su vaporización y adsorción en la 
fibra. 
 Extracción por sorción con barras magnéticas agitadoras (SBSE) 
La SBSE es una técnica de preconcentración de muy reciente aparición ya 
que fue desarrollada por el grupo de investigación del profesor P. Sandra en 1999 
[96]. Se basa en los mismos principios que la SPME ya que la extracción de los 
analitos de la muestra se realiza también mediante un equilibrio de partición de 




PDMS que está dispuesto recubriendo una barra magnética agitadora [97]. Estas 
barras magnéticas agitadoras recubiertas y denominadas comercialmente TwisterTM 
están disponibles en dos tamaños diferentes, siendo generalmente, las barras 
magnéticas agitadoras de 10 mm recomendadas para volúmenes de muestra entre 1 
y 50 mL y las de 40 mm para volúmenes entre 100 y 250 mL. En SBSE, los analitos 
se extraen introduciendo la barra magnética agitadora directamente en la muestra o 
bien en el espacio de cabeza de la misma. A continuación la barra magnética 
agitadora se retira de la muestra y los compuestos extraídos por la misma se 
desorben térmicamente en el GC o bien mediante un disolvente orgánico para su 
posterior inyección en el LC. La diferencia fundamental que presenta la SBSE con la 
SPME es la mayor cantidad de sorbente que contienen las barras magnéticas 
agitadoras recubiertas de PDMS en comparación con las fibras. Así, la cantidad de 
PDMS en las barras magnéticas agitadoras de SBSE oscila entre los 55 y 300 µL 
(dependiendo del tamaño) frente a los 0.5 µL de PDMS en las fibras de 100 µm de 
SPME, de manera que, teóricamente, la eficacia de la extracción se incrementa de 
100 a 1000 veces utilizando SBSE [97]. 
Sólo se ha encontrado una referencia en la bibliografía sobre el empleo de la 
SBSE en la determinación de compuestos carbonílicos en agua [98]. Las barras de 
μ-extracción se preparan en el laboratorio mediante el recubrimiento de un barra de 
polietileno con una película adhesiva (longitud, 15 mm; espesor, 0.5 mm), la cual 
está cubierta con ~5 mg de PS-DVB en polvo (sorbente). Las etapas de 
derivatización y extracción se realizan de manera simultánea utilizando 
pentafluorofenilhidracina (PFFH) como agente derivatizante. Tras mezclar la 
muestra de agua (pH 5.5) con PFFH y ajustar la fuerza iónica con NaCl, se añade la 
barra de μ-extracción y la mezcla se mantiene en agitación magnética a 1250 rpm 
durante 4 h a temperatura ambiente. La desorción de los derivados se realiza 
sumergiendo la barra en metanol y aplicando un tratamiento de radiación por 
ultrasonidos a temperatura ambiente. Seguidamente se aplica una corriente de 
nitrógeno hasta conseguir un volumen final del extracto de 200 µL, para su 






5.3.3. Extracción en fase vapor 
Las técnicas de extracción en fase vapor tienen en común el reparto de los 
analitos entre la matriz de la muestra y una fase gaseosa. Existen dos modalidades 
de espacio de cabeza: dinámico y estático. 
 Espacio de cabeza dinámico o purga y trampa (P&T) 
Esta técnica se basa en la extracción de los analitos de la muestra mediante 
purga con una corriente de gas inerte, retención de los mismos en una trampa 
sorbente y posterior desorción térmica en el GC para su cuantificación. Aunque con 
esta modalidad se alcanzan límites de detección más de 10 veces inferiores a los 
proporcionados por la modalidad de espacio de cabeza estático, se requiere una 
instrumentación más compleja y son frecuentes las interferencias provenientes del 
vapor de agua y de la contaminación cruzada. 
No se han encontrado referencias sobre el empleo de esta técnica para la 
extracción de compuestos carbonílicos no halogenados en muestras de agua. Sin 
embargo, en lo referente a compuestos carbonílicos halogenados, se ha encontrado 
una referencia en la que entre los analitos de interés se incluyen hidrato de cloral, 
1,1-dicloroacetona, 1,3-dicloroacetona y 1,1,1-tricloroacetona [99]. No obstante, los 
autores concluyen que los límites de detección alcanzados para 1,1-dicloroacetona y 
1,1,1-tricloroacetona están por encima de la concentración a las que se encuentran 
estos compuestos en las muestras de agua, y que el hidrato de cloral y la 1,3-
dicloroacetona presentan problemas de recuperación tras el proceso de extracción. 
Probablemente, este comportamiento esté asociado con la incapacidad de la trampa 
para retener eficazmente a estos compuestos o a bien a reacciones de 
descomposición de los mismos. 
 Espacio de cabeza estático (SHS) 
Esta técnica se basa en el calentamiento de la muestra (líquida o sólida) para 
favorecer que los compuestos volátiles pasen a la fase gaseosa. Si la presión de 
vapor de los compuestos es lo suficientemente alta, se volatilizan fácilmente 
separándose de la matriz de la muestra. Posteriormente, una alícuota de la fase 




para su análisis. En definitiva la SHS se basa en el reparto de los analitos entre una 
muestra (sólida o líquida) y una fase gaseosa, por lo que tanto los parámetros que 
afectan a dicho reparto (temperatura y fuerza iónica) como los volúmenes de 
muestra y espacio de cabeza (relación de fases) se han de controlar debidamente 
[100]. 
Actualmente la introducción de la muestra en el sistema SHS se encuentra 
totalmente automatizada mediante el empleo de módulos automáticos con un 
sistema dosificador electroneumático que ofrecen muy buenos resultados en 
términos de reproducibilidad. En estos módulos la muestra, tras un mínimo 
pretratamiento, se introduce en un vial sellado y un brazo mecánico lo coloca en el 
interior de un horno donde se calienta a la vez que se agita para favorecer el paso de 
los analitos a la fase gaseosa. Seguidamente, una válvula de inyección de 6 vías, 
conectada a un bucle, recoge la fracción gaseosa que se arrastra por una corriente de 
helio hasta el GC.  
Se pueden diferenciar tres etapas en el proceso de funcionamiento de los 
automuestreadores de SHS: equilibración, presurización y transferencia de los 
analitos [101].  
La equilibración es la etapa más importante. En ella los factores 
predominantes son: temperatura, tiempo de equilibración y agitación del vial. La 
temperatura es un parámetro importante, ya que a temperaturas más altas se acortan 
los tiempos de equilibración dado que se favorece la volatilización de las especies. 
No obstante, hay que tener en cuenta los problemas relacionados con la 
degradación de las especies termolábiles y aquellos relacionados con la presencia de 
disolventes orgánicos, ya que su evaporación aumenta de presión lo que puede 
incrementar el riesgo de explosión del vial. También puede ocurrir que los 
disolventes orgánicos compitan con los propios analitos por el espacio de cabeza 
del vial y originar un descenso de la sensibilidad. Una forma de favorecer la 
volatilización de los analitos más solubles es la adición de sales a la muestra con 
objeto de incrementar su fuerza iónica. Otro factor importante es la relación de 
fases, ya que aunque un incremento del volumen de muestra genera un aumento de 





recomendado para evitar problemas relacionados con la obstrucción de la aguja del 
automuestreador.  
Una vez alcanzado el equilibrio, tiene lugar la presurización del vial con un 
gas inerte (helio) a través de la aguja, seguida de la liberación de la presión cuando el 
espacio de cabeza sale por la misma aguja hasta un bucle de muestra conectado a 
una válvula de inyección de 6 vías. Una alta presión de presurización conlleva un 
aumento de la cantidad de muestra en el bucle (incremento de la sensibilidad) sin 
embargo, si ésta es muy elevada también puede ocasionar la dilución de los analitos 
en el espacio de cabeza (disminución de la sensibilidad) o la ruptura del vial por 
sobrepresión. Finalmente, se lleva a cabo la transferencia de los analitos a través 
de la corriente de helio que arrastra la muestra gaseosa desde el bucle hasta el portal 
de inyección del GC a través de la válvula de 6 vías.  
En lo referente al empleo de la técnica SHS en la determinación de 
compuestos carbonílicos volátiles, la única contribución existente en la bibliografía 
es la anteriormente referenciada haciendo uso de la técnica de P&T en la que se 
realiza un estudio comparativo entre ambas [99]. Como ocurre al utilizar P&T, el 
hidrato de cloral y la 1,3-dicloroacetona no se pueden recuperar después del proceso 
de extracción. El proceso de SHS se lleva a cabo a 45 ºC durante 40 min, aunque 
hay que destacar que la inyección de la alícuota de la fase gaseosa (500 µL) se realiza 
de manera manual. 
A pesar de que la técnica de SHS permite llevar a cabo la derivatización y 
extracción de los compuestos carbonílicos no halogenados de manera simultánea y 
que no requiere etapas previas de preconcentración de los analitos, sólo existe una 
aplicación de la misma para la determinación de aldehídos alifáticos [57]. En este 
método, la derivatización/extracción simultánea de aldehídos se lleva a cabo tras 
añadir PFBHA (0.6 mg) y NaCl (3 g) a 10 mL de muestra acuosa en un vial de 
espacio de cabeza. Rápidamente se sella el vial y se introduce en el módulo de HS, 
donde tiene lugar la derivatización/extracción de los analitos durante 1 h a 60 ºC. 
Sin embargo, este método sólo abarca el estudio de los aldehídos alifáticos de 





5.4. Separación y detección 
5.4.1. Cromatografía de gases (GC) 
La GC se basa en la diferente volatilidad de los solutos y en la distinta 
capacidad de interacción de éstos con la fase estacionaria. Las muestras se han de 
introducir en la columna cromatográfica en fase gaseosa, requiriéndose un proceso 
previo de volatilización en el caso de las muestras líquidas. La separación se lleva a 
cabo inyectando la muestra en una corriente de gas inerte a alta temperatura, la cual 
atraviesa la columna cromatográfica (generalmente, 30 ó 60 m de longitud) en la que  
tiene lugar la separación de los componentes de la mezcla [102]. En general, la 
utilización de la GC está restringida a la separación de compuestos volátiles con 
peso molecular menor de 1000, a una temperatura máxima de trabajo de 400 ºC. 
Dentro de estos límites, la única limitación existente es la estabilidad térmica de los 
compuestos a analizar. Además, se acopla fácilmente a una gran variedad de 
detectores sensibles y selectivos. De este modo, la GC es la técnica más eficiente 
para la determinación de compuestos volátiles y semivolátiles, como son los HAs y 
las HKs, ya que se adecua perfectamente a sus propiedades físico-químicas, tales 
como volatilidad y estabilidad térmica.  
Para la determinación de compuestos carbonílicos (halogenados o no) en 
agua se han utilizado diferentes columnas capilares de sílice fundida recubiertas de 
una fase líquida. En general, la fase estacionaria es polidimetilsiloxano (apolar) que 
se combina con grupos fenilo (5%) o cianopropilfenilo (6–50%) para alcanzar 
diferentes grados de polaridad.  
En lo referente a la determinación de compuestos carbonílicos halogenados 
por GC, las técnicas de pretratamiento utilizadas tienen como objetivo primordial el 
aumento de la sensibilidad (detectabilidad) de los mismos ya que suelen estar 
presentes a concentraciones muy bajas en el agua tratada. Las técnicas de separación 
empleadas en la determinación de HAs por GC son la LLE [51] y SPE [81] 
convencionales, mientras que para las HKs, además de las indicadas se ha utilizado 
la SPME [93,94]. Los detectores empleados en estos métodos son ECD [51,81,93] y 
la espectrometría de masas (MS) [81,94], si bien el ECD está especialmente indicado 





electrónica) y elevada sensibilidad, del orden de 106 a 107 veces superior frente a la 
que presenta para compuestos no halogenados. Sin embargo, la espectrometría de 
masas, además de la determinación cuantitativa de los analitos, permite la 
identificación inequívoca de los mismos. El Método EPA 551.1 (LLE/GC–ECD) 
es el que presenta una mayor sensibilidad para el hidrato de cloral (LODs, 11 ng/L) 
[51], mientras que para las HKs, los menores límites de detección se alcanzan con el 
método de HS–SPME/GC–MS: 0.3 y 8.3 ng/L para la 1,1-dicloroacetona y 1,1,1-
tricloroacetona, respectivamente [93]. 
 En el caso de la determinación de los compuestos carbonílicos no 
halogenados en agua tratada por GC, el pretratamiento de la muestra es de gran 
importancia ya que el proceso de derivatización con PFBHA ejerce una gran 
influencia: así, los aldehídos alifáticos mejoran su comportamiento cromatográfico, 
mientras que se incrementa la sensibilidad en el caso de los aromáticos. Además, las 
técnicas de separación empleadas, LLE [49], SDME [60,78,79], DLLME [63], 
SPME [56,58,61,62,95] y SHS [57] minimizan las interferencias provenientes de la 
matriz de la muestra y/o aumentan la sensibilidad del método. El detector más 
empleado para la determinación de compuestos carbonílicos no halogenados por 
GC es MS [57,58,60,61–63,78,95], mientras que el ECD se ha usado en mucha 
menor extensión [49,56] a pesar de las características de los PFBHA-derivados. Para 
todos los aldehídos (alifáticos y aromáticos) la mayor sensibilidad se alcanza con el 
empleo del Método EPA 556.1 (LODs, 0.09–0.39 µg/L) [49], excepto para los 
aldehídos alifáticos C2–C5, cuyos menores límites de detección se obtienen cuando 
se hace uso de la metodología HS–SPME/GC–ECD (LODs, 0.04–0.07 µg/L) [56]. 
 Cabe resaltar que la espectrometría de masas se ha convertido en el detector 
predominante en el desarrollo de nuevos métodos analíticos para la determinación 
de compuestos carbonílicos (halogenados como no halogenados) en muestras de 
agua tratada ya que permite la identificación y cuantificación de los mismos. La 
espectrometría de masas de baja resolución (un único cuadrupolo) que opera en el 
modo de monitorización selectiva de iones (SIM) es la técnica más comúnmente 
empleada para la detección de estos compuestos carbonílicos debido a su bajo coste 
y sencillez, siendo además muy útil para el análisis de matrices sencillas como las 




sensibilidad y la selectividad respecto al de baja resolución, sólo se ha utilizado en 
una publicación referente a estos compuestos [62]. 
5.4.2. Cromatografía de líquidos (LC) 
En la LC, la fase móvil líquida fluye a través de una fase estacionaria, que es 
la columna cromatográfica. La etapa de separación está controlada por las 
interacciones químicas entre analitos y ambas fases: móvil y estacionaria [102]. 
Existen diferentes modalidades de LC en función de estas interacciones, siendo la 
cromatografía de fase reversa (RPLC) la utilizada para la separación de derivados de 
compuestos carbonílicos no halogenados en agua, siendo la DNPH el agente 
derivatizante mayoritariamente empleado [50,52,65–67,70,79,83–89,91,98].  
En estas investigaciones se han utilizado columnas que contienen C18 como 
fase estacionaria. En lo referente a la composición de la fase móvil, en la mayor 
parte de los métodos publicados para la determinación de estos compuestos está 
formada por una mezcla de agua y un disolvente orgánico, tal como acetonitrilo 
[50,52,65,67,70,83,84,87,88,91], metanol [66,79,98] o combinaciones de ambos 
[85,86,89]. A veces se añaden aditivos a la fase móvil cuando se trabaja con el 
detector UV/Vis o DAD para favorecer la separación de los analitos [66,79,84,98]. 
Sin embargo, la adición de aditivos es muy frecuente en las metodologías que 
utilizan MS [67,86,89] como sistema de detección ya que se favorece el proceso de 
ionización mejorando la selectividad/sensibilidad del método. No obstante, también 
se puede encontrar alguna referencia en la que no se adicionan aditivos a la fase 
móvil [83]. Tanto el ácido acético al 0.1–0.5% [66,79] como el ácido fórmico al 
0.1% [86,89] son los aditivos que más se han empleado, aunque también se ha 
utilizado acetato de amonio a una concentración 1 mmol/L [67] y ácido fosfórico al 
0.1% [98]. 
La separación cromatográfica se puede mejorar modificando la composición 
de la fase móvil en el transcurso del análisis. Así, existen dos modalidades de trabajo 
en función de los cambios producidos en la fase móvil: isocrática y gradiente. De 
ambas modalidades, la de gradiente es la más utilizada en la separación de los 






Los detectores más empleados para la determinación de compuestos 
carbonílicos no halogenados en muestras de agua mediante LC son UV/Vis 
[50,65,66,84,85,91] y DAD [52,79,87,88,98]. Más recientemente se han aplicado con 
éxito tanto la espectrometría de masas (MS) como la espectrometría de masas en 
tándem (MS/MS) con ionización por electroespray [67,83,86,89]. Sin embargo, hay 
que destacar la baja reproducibilidad que presenta el DNPH-derivado del 
formaldehído (RSD ~35%) cuando se utiliza este sistema de detección, lo que 
imposibilita su determinación cuantitativa en las muestras de agua [86,89]. Sólo se 
ha encontrado un método en la bibliografía que hace uso de la detección 
quimioluminiscente para la determinación de aldehídos alifáticos en muestras de 
agua con límites de detección de 20–30 ng/L para C2–C4 y de 400 ng/L para el 
formaldehído [70]. 
Hay que resaltar que sólo los métodos desarrollados por Fernández-Molina 
y Silva incluyen aldehídos aromáticos (benzaldehído y cinco derivados del mismo) 
además de alifáticos, como analitos objeto de estudio [87–89]. De estos métodos, el 
de µ-SPE/LC–MS [89] es el más sensible para la determinación de aldehídos 
aromáticos en agua, con límites de detección de 14.8–26.0 ng/L. Sin embargo, el 
método más sensible para cuantificar aldehídos alifáticos (C2–C6) en muestras de 
agua es el que utiliza SPE (LiChrolut EN) en combinación con LC–MS/MS (límites 
de detección, 6–24 ng/L) [86].  
5.4.3. Electroforesis capilar (CE) 
 LA CE es una técnica de separación relativamente reciente que ha 
experimentado un significativo avance en las últimas décadas. Los analitos se 
separan dentro de un tubo capilar, relleno de buffer (electrolito de fondo, BGE) 
mediante un mecanismo basado en la movilidad electroforética de los mismos 
(relación carga/masa) y el flujo electrosmótico [103]. Presenta importantes ventajas 
frente a la LC, tales como pequeños volúmenes de muestra (0.1–10.0 nL), no hace 
uso de disolventes orgánicos (usa disoluciones acuosas con muy baja concentración 
iónica) y ofrece además una elevada resolución y rapidez.  
De las modalidades existentes, sólo la electroforesis capilar en zona (CZE) y 




y determinación de derivados de compuestos carbonílicos no halogenados en 
muestras de agua [68,69,90,104,105], si bien son escasas las referencias existentes. 
La mayoría de las metodologías desarrolladas abordan el estudio de aldehídos 
alifáticos y en concreto mezclas no muy complejas y solo en ciertos se incluyen 
aldehídos aromáticos [69,90]. El detector más utilizado para la determinación de 
estos compuestos es el UV/Vis [68,69,104], aunque también se ha utilizado el 
detector de fluorescencia inducida por láser (LIF) [105] y el DAD [90].  
Mediante el empleo de CZE se ha propuesto la determinación de 
formaldehído en presencia de un exceso de dihidroxiacetona [68] y de mezclas de 
diversos compuestos carbonílicos incluyendo C1–C3, metilglioxal, benzaldehído y 
acetona [69] empleando en ambos casos dansilhidracina (DNSH) como agente 
derivatizante. La separación electroforética de los derivados se lleva a cabo en un 
buffer con pH ligeramente básico y en presencia de un modificador orgánico. Con 
objeto de incrementar la sensibilidad se ha propuesto el empleo de técnicas de 
preconcentración en el propio capilar o bien el uso de una celda de flujo en formato 
Z [69]. Recientemente, Baños y Silva [105] han propuesto el uso del detector LIF en 
este contexto, utilizando un derivado de la fluoresceína como reactivo derivatizante 
de aldehídos alifáticos. La elevada sensibilidad que presenta el empleo de LIF evita 
el uso de etapas previas de preconcentración. La separación electroforética se lleva a 
cabo en 16 min usando un buffer de borato sódico 60 mmol/L a pH 10 con Triton 
X-100 como modificador a una concentración inferior a su concentración micelar 
crítica. Los límites de detección conseguidos para aldehídos alifáticos son del orden 
de los sub-microgramos por litro (0.15–0.35 µg/L). 
La modalidad MEKC también se ha utilizado escasamente en el contexto de 
la determinación de compuestos carbonílicos en muestras de agua. Se pueden 
reseñar sólo dos contribuciones. Una referente a la determinación de formaldehído 
y acetaldehído en agua, utilizando como buffer de separación tetraborato sódico 20 
mmol/L a pH 9 en presencia de ACN al 10% y SDS 50 mmol/L [104]. Sin 
embargo, los límites de detección (0.05–0.08 mg/L) proporcionados por el método 
para la determinación de estos aldehídos no se adecuan a los niveles a los que se 
encuentran en el agua tratada (µg/L). La otra contribución, realizada recientemente 





aromáticos utilizando un detector DAD [90]. El método requiere de una etapa de 
preconcentración utilizando un sistema de µ-SPE, en el cual se origina in situ la 
derivatización/extracción de los analitos con DNPH. Se utiliza CTAB como agente 
micelar en presencia de un buffer de fosfato sódico (pH 7.2) y acetonitrilo como 
modificador. El método es selectivo, reproducible (RSD, ~7%) y lo suficientemente 
sensible (límites de detección entre 65 y 775 ng/L) como para determinar estos 
compuestos en agua tratada; además, constituye la primera aportación sobre la 
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El desarrollo de la parte experimental de la presente Tesis Doctoral ha sido 
posible gracias al uso de diversas herramientas analíticas, considerando como tales 
desde los estándares, reactivos y disolventes empleados, hasta los aparatos e 
instrumentación más sofisticada. En esta sección de la Memoria se enumeran dichas 
herramientas, así como sus características más relevantes. 
1. Estándares, reactivos y disolventes 
 Todos los estándares, reactivos y disolventes empleados en las 
investigaciones recogidas en la Tesis Doctoral fueron de pureza analítica.  
1.1. Estándares (patrones) 
 Los analitos objeto de estudio en la presente Memoria se enumeran por 
familias en la tabla que se muestra a continuación, así como el disolvente usado para 
la preparación de los estándares y la casa comercial que lo suministra. Es de 
mención que un tercio de los estándares no fueron proporcionados por las casas 
comerciales al uso, siendo la síntesis de los mismos realizada primeramente por los 
laboratorios Orchid Cellmark (New Westminster) y posteriormente por CanSyn 
(Toronto, Canada). El precio de estos estándares, preparados previa solicitud, fue 
elevado (~100 €/100 mg). 
Además, a lo largo de la Memoria se ha utilizado 1,2-dibromopropano 
(Sigma-Aldrich) como estándar interno para corregir el posible error cometido en la 
manipulación de la muestra y/o en la inyección manual en el cromatógrafo de 
gases–espectrómetro de masas. Se ha seleccionado este compuesto por su similitud 











Compuesto Disolventea Casa comercial 
Aldehídos alifáticos 
Formaldehído Metanol Sigma–Aldrich (Madrid, España) 
Acetaldehído Metanol Sigma–Aldrich (Madrid, España) 
Propionaldehído Metanol Sigma–Aldrich (Madrid, España) 
Acroleína Metanol Sigma–Aldrich (Madrid, España) 
Butiraldehído Metanol Sigma–Aldrich (Madrid, España) 
Crotonaldehído Metanol Sigma–Aldrich (Madrid, España) 
Valeraldehído Metanol Sigma–Aldrich (Madrid, España) 
Hexanaldehído Metanol Sigma–Aldrich (Madrid, España) 
Heptaldehído Metanol Sigma–Aldrich (Madrid, España) 
Glioxal Metanol Sigma–Aldrich (Madrid, España) 
Metilglioxal Metanol Sigma–Aldrich (Madrid, España) 
Malondialdehído Metanol Sigma–Aldrich (Madrid, España) 
Aldehídos aromáticos 
Benzaldehído Metanol Sigma–Aldrich (Madrid, España) 
3-Metilbenzaldehído Metanol Sigma–Aldrich (Madrid, España) 
2-Etilbenzaldehído Metanol Sigma–Aldrich (Madrid, España) 
2,5-Dimetilbenzaldehído Metanol Sigma–Aldrich (Madrid, España) 
3-Hidroxibenzaldehído Metanol Sigma–Aldrich (Madrid, España) 
2,5-Dihidroxibenzaldehído Metanol Sigma–Aldrich (Madrid, España) 
Haloacetaldehídos 
Dicloroacetaldehído Acetato de etilo TCI Europe (Zwijndrecht, Bélgica) 
Hidrato de cloral Acetato de etilo TCI Europe (Zwijndrecht, Bélgica) 
Bromocloroacetaldehído Acetato de etilo CanSyn (Toronto, Canada) 
Dibromoacetaldehído Acetato de etilo CanSyn (Toronto, Canada) 
Bromodicloroacetaldehído Acetato de etilo CanSyn (Toronto, Canada) 
Clorodibromoacetaldehído Acetato de etilo CanSyn (Toronto, Canada) 
Tribromoacetaldehído Acetato de etilo Sigma–Aldrich (Madrid, España) 
 




   
Halocetonas 
Cloroacetona MTBE/acetonab Sigma–Aldrich (Madrid, España) 
1,1-Dicloroacetona MTBE/acetonab Sigma–Aldrich (Madrid, España) 
1,3-Dicloroacetona MTBE/acetonab Sigma–Aldrich (Madrid, España) 
1,1,1-Tricloroacetona MTBE/acetonab Sigma–Aldrich (Madrid, España) 
1,1,3-Tricloroacetona MTBE/acetonab Sigma–Aldrich (Madrid, España) 
1,1-Dibromoacetona MTBE/acetonab CanSyn (Toronto, Canada) 
1,1,3,3-Tetracloroacetona MTBE/acetonab CanSyn (Toronto, Canada) 
1,1,3,3-Tetracloroacetona MTBE/acetonab CanSyn (Toronto, Canada) 
1,1,1-Tribromoacetona MTBE/acetonab CanSyn (Toronto, Canada) 
1,1-Dibromo-3-cloroacetona MTBE/acetonab CanSyn (Toronto, Canada) 
1,1-Dibromo-3,3-dicloroacetona MTBE/acetonab CanSyn (Toronto, Canada) 
1,3-Dibromo-3,3-dicloroacetona MTBE/acetonab CanSyn (Toronto, Canada) 
1,1,3-Tribromoacetona MTBE/acetonab CanSyn (Toronto, Canada) 
1,1,3-Tribromo-3-cloroacetona MTBE/acetonab CanSyn (Toronto, Canada) 
a Disolvente utilizado en la preparación de los estándares. 
b Disolvente utilizado en el método de HS–SPME para no dañar la fibra seleccionada. 
 
Para la correcta conservación de los estándares, todos se mantuvieron en un 
lugar oscuro y seco a la temperatura que recomienda el fabricante. En el caso de las 
disoluciones estándares individuales de cada analito y del estándar interno, éstas 
fueron preparadas a la concentración de 1 g/L. Además, las disoluciones de trabajo 
se prepararon diariamente mediante dilución de las anteriores en agua mineral (libre 
de DBPs) o en agua ultrapura (libre de aldehídos alifáticos). Todas estas 
disoluciones estándares se almacenaron en frascos de vidrio ámbar a –20 ºC para su 
correcta conservación. 
1.2. Reactivos 
 Reactivo derivatizante. Como agente derivatizante para aldehídos alifáticos y 
aromáticos se utilizó o-2,3,4,5,6-(pentafluorobencil) hidroxilamina (PFBHA, 





 Ácidos y bases. En algunas ocasiones fue necesario el ajuste del pH de las 
muestras con la finalidad de favorecer los procesos de extracción y las 
reacciones llevadas a cabo. En algunos casos también se utilizó el ajuste del 
pH para la conservación de la muestra. Para ello se emplearon disoluciones 
diluidas de ácido sulfúrico y/o hidróxido sódico. 
 Sales. Se emplearon fundamentalmente para favorecer los procesos de 
extracción y en algún caso la derivatización. Se han utilizado sales como 
sulfato magnésico, hidrogeno carbonato sódico y sulfato sódico. Ésta última 
también se ha empleado como desecante para los extractos orgánicos antes 
de su inyección en el cromatógrafo de gases–espectrómetro de masas. Se ha 
empleado sulfato amónico como agente declorante para eliminar el cloro 
residual y evitar la formación de aldehídos durante el transporte, 
conservación y manipulación de las muestras de agua tratada, así como 
sulfato de cobre pentahidratado para prevenir el ataque microbiológico 
hacia estos aldehídos. También se han utilizado otras sales como ácido 
ascórbico, sulfato amónico, tiosulfato sódico y cloruro amónico.  
1.3. Disolventes 
Durante el desarrollo de las investigaciones se han utilizado distintos 
disolventes para la preparación de las disoluciones estándares (analitos y estándar 
interno) y como extractantes. Los disolventes empleados durante la realización de la 
Memoria fueron los siguientes: 
- Acetato de etilo.    -     Metil tert-butil éter (MTBE). 
 
- n-Hexano.    -     Acetona. 
 
 
- Metanol.    -     2-Octanona. 
 
 




2. Material de laboratorio 
 Microjeringas de 5 y de 100 µL, esta última con punta roma. 
 Micropipetas de 100, 200, 1000 y 10000 µL. 
 Material de vidrio de diferente volumen como matraces aforados, vasos de 
precipitado y botes de vidrio ámbar. 
 Viales de vidrio de diferente capacidad entre 2 y 22 mL (según la aplicación 
desarrollada) con fondo plano  para la preparación de las muestras. El cierre 
de dichos viales se realizó mediante septa de silicona/PTFE (Supelco, 
Madrid) sellados o a rosca dependiendo del tipo de vial empleado. 
 Barras agitadoras magnéticas. 
 Botes vidrio ámbar (100–125 mL) para la toma de muestra de agua y de 
polietileno de 100 mL para la toma de muestra de orina. 
 Guantes de látex y máscara de protección. 
3. Aparatos 
 En el desarrollo experimental de la Tesis Doctoral se ha utilizado la serie de 
aparatos que aquí se enumeran: 
 Vortex (Kelheim, Alemania).  
 Agitador magnético (Ovan, modelo Monimix MN02 E). 
 Balanza analítica de precisión (Oahus, modelo Explorer).  
 pH-metro (Crison, modelo micropH 2000). 
 Microondas casero, AEG con una potencia de hasta 700 W. 
 Baño de ultrasonidos (JP Selecta). 





4. Componentes del sistema de SPME 
 Los experimentos de SPME se han realizado empleando un soporte de 
fibras SPME manual o holder así como distintas fibras comercializados por Supelco 
(Madrid, España): 
 Poliacrilato (PA) de 85 μm. 
 Polidimetilsiloxano (PDMS) de 100 µm.   
 Polidimetilsiloxano/Divinilbenceno (PDMS/DVB) de 60 μm. 
 Carboxen/Polidimetilsiloxano (CAR/PDMS) de 75 μm. 
 Divinilbenceno/Carboxen/Polidimetilsiloxano (DVB/CAR/PDMS) de 
50/30 µm. 
5. Instrumentación 
La cromatografía de gases-espectrometría de masas (GC–MS) ha sido la 
técnica empleada para la separación/determinación de los compuestos carbonílicos 
diana a lo largo de la Tesis Doctoral. Se han empleado dos instrumentos distintos: 
 Los experimentos llevados a cabo por espacio de cabeza estático aplicados a 
muestras de agua (Capítulos 3 y 5), U.S. EPA 556.1 (Capítulo 3), SPME y  
U.S. EPA 551.1 (Capítulo 4) se han realizado empleando un 
automuestreador  de espacio de cabeza HP 7694 acoplado a un 
cromatógrafo de gases HP 6890N y un espectrómetro de masas HP 5973N 
de la firma Agilent Technologies (Palo Alto, CA, USA). Los experimentos 
llevados a cabo por espacio de cabeza estático aplicados a muestras de orina 
(Capítulo 5) se llevaron a cabo empleando un automuestreador  de espacio 
de cabeza G1888 acoplado a un cromatógrafo de gases HP 7890A y un 
espectrómetro de masas  de triple eje HP 5975C de la firma Agilent 
Technologies. La inyección de la muestra se ha realizado siempre a través de 




automuestreador de espacio de cabeza con el inyector del cromatógrafo de 
gases. 
 La inyección de elevados volúmenes de extracto en los métodos de MLLE, 
U.S. EPA 551.1 y U.S. EPA 556.1 (Capítulos 3 y 4) se ha realizado en un 
cromatógrafo de gases HP 7890A equipado con un inyector de elevados 
volúmenes y de temperatura programable, con cabeza sin septa G2619A, 
con un liner multi-notch desactivado (Part No. 5183–2041), en el modo de 
venteo del disolvente, y acoplado a un espectrómetro de masas de triple eje 
HP 5975C.  
El gas portador empleado fue Helio 6.0 suministrado por Air Liquide 
(Sevilla) y el caudal que se utilizó fue 1.0 mL/min. La separación de los analitos se 
realizó utilizando columnas cromatográficas convencionales no polares (5%-fenil 
95%-metilpolisiloxano) de Agilent (HP-5MS o HP-5MS UI) de 30 m de longitud, 





































para aldehídos (no halogenados) de 






















En este Capítulo de la Memoria se contempla los hitos 1, 2 y 3 de los 
objetivos relacionados con el desarrollo de métodos miniaturizados o automáticos 
acoplados a la cromatografía de gases con espectrometría de masas (GC–MS) para 
la determinación de compuestos carbonílicos no halogenados, en concreto, los 
aldehídos de bajo peso molecular (LMMAs) que se pueden formar durante el 
tratamiento del agua. También se incluye la aplicación de las metodologías 
desarrolladas para la determinación de estos compuestos en muestras de agua 
tratada. Estos aldehídos requieren una etapa previa de derivatización para su 
separación/determinación por GC, debido a su alta reactividad y polaridad. Los 
aldehídos que tienen hasta cuatro átomos de carbono forman además puentes de 
hidrógeno con el agua, siendo requisito indispensable su derivatización para su 
extracción. 
El Método EPA 556.1, propuesto para compuestos carbonílicos, es el más 
usado para la determinación de LMMAs en el agua tratada mediante GC. Este 
método implica una etapa previa de derivatización con la o-2,3,4,5,6-
(pentafluorobencil) hidroxilamina (PFBHA) durante 2 horas a pH 4. Los principales 
inconvenientes de este método son: 1) la derivatización y extracción líquido-líquido 
(LLE) se llevan a cabo secuencialmente, lo que consume mucho tiempo; 2) la LLE 
convencional requiere elevados volúmenes de disolventes orgánicos; 3) se adicionan 
gotas de H2SO4 varias veces para minimizar el exceso de reactivo en el extracto; y 4) 
posee un factor de preconcentración bajo, lo que conlleva a un método poco 
sensible. 
En base a estas premisas y siguiendo la tendencia actual hacia la “Química 
verde”, en la primera parte de este Capítulo se ha desarrollado el primer método 
miniaturizado de extracción líquido-líquido (MLLE) en base al Método EPA 556.1 





el empleo de microvolúmenes de extractante, y la extracción se realiza de manera 
convencional, por lo que se alcanza el equilibrio entre las dos fases, siendo por tanto 
una técnica de microextracción exhaustiva a diferencia de otras descritas en la 
bibliografía. Además se ha utilizado un inyector de elevados volúmenes con 
temperatura programable (large-volume injection coupled to programmed 
temperature vaporiser, LVI–PTV) en el modo de venteo del disolvente, lo que ha 
supuesto una mejora añadida en cuanto a la sensibilidad del método. Cuando se 
utiliza este modo de inyección, prácticamente no se generan residuos ya que se 
puede introducir casi todo el extracto (hasta 100 µL) en el inyector. Una vez que se 
inyecta la muestra, los analitos son atrapados térmicamente en el liner mientras se 
elimina el disolvente (preconcentración). Esta secuencia se puede repetir varias 
veces para concentrar los analitos a partir de un elevado volumen de extracto 
orgánico. Después de la eliminación del disolvente se calienta rápidamente el liner 
para transferir los analitos a la columna.  
En este trabajo se abordó en primer lugar la optimización de las variables 
que afectan a la reacción de derivatización de los aldehídos, siendo el pH una de las 
variables más influyentes ya que la selección de un pH ácido (~1.1) aumentó la 
cinética de la reacción de derivatización para los aldehídos aromáticos y 
dicarbonílicos, y además se evitó las etapas de eliminación del exceso de reactivo en 
el extracto. También se comprobó que la agitación durante 1 minuto a 60 ºC era 
suficiente para completar la derivatización de los aldehídos. Después se estudiaron 
las variables implicadas en la extracción, siendo la adición de MgSO4 la más 
relevante, ya que además de hacer de agente salting-out, calienta la disolución a 60 ºC 
(hidratación exotérmica), proporcionando la temperatura necesaria para la 
derivatización de los LMMAs. De este modo se puede realizar la 
derivatización/extracción simultánea de los analitos con una eficiencia cercana al 
100%, simplificando el proceso analítico. El diseño experimental de Plackett–
Burman se seleccionó para optimizar las variables instrumentales, ya que se puede 
obtener el máximo de información con el mínimo número de experimentos, y 
además se tienen en cuenta las interacciones entre variables. Considerando que el 
método propuesto es una miniaturización y simplificación del método convencional 
para compuestos carbonílicos, se realizó la validación de mismo con el Método 
EPA 556.1, aplicándose tanto a muestras de agua potable como de piscina.  
Aldehídos de bajo peso molecular. Aplicación a agua tratada 
77 
 
En la segunda parte de este Capítulo se ha desarrollado un método simple y 
automático para la determinación de LMMAs en muestras de agua tratada 
empleando la técnica de espacio de cabeza estático (SHS) acoplada a GC–MS. La 
metodología desarrollada implica llevar a cabo la derivatización y extracción de los 
analitos en una única etapa dentro de un vial de HS. El pH  es crítico, ya que en 
medio básico (pH, 8–10) se favorece la derivatización de los aldehídos aromáticos y 
dicarbonílicos con la PFBHA. Se ensayaron dos disoluciones buffer básicas, 
obteniéndose que la señal analítica aumentaba para todos los aldehídos cuando la 
muestra se ajustaba saturando con hidrogeno carbonato sódico. Este hecho se 
sustenta en el efecto catalítico del hidrogeno carbonato en la reacción de formación 
de oximas. Cabe resaltar que esta disolución saturada de hidrogeno carbonato 
sódico proporciona además la fuerza iónica suficiente para provocar el efecto salting-
out. También, la adición de n-hexano como modificador favoreció notablemente la 
volatilización de todas las oximas. De nuevo este método fue validado con el 
Método EPA 556.1 y aplicado al análisis de muestras de agua sometidas a diferentes 
procesos de desinfección (cloración, cloraminación y ozonización). Finalmente, 
cabe resaltar que la sensibilidad obtenida con los dos métodos propuestos es similar, 
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Abstract 
Aldehydes are produced in water disinfected primarily by ozone treatment, 
and are generally present in treated water below the limit of detection (<5 µg L−1) of 
commonly proposed methods. Formaldehyde is the most studied along with 
acetaldehyde due to their mutagenic character, and because it causes chromosomal 
aberrations. This paper reports the first miniaturised system for the simultaneous 
determination of thirteen aldehydes (aliphatic and aromatic) which are selected 
based on their frequent or suspected presence in water, mainly as disinfection by-
products (DBPs). The micro liquid–liquid extraction (MLLE) method is a 
miniaturisation of EPA Method 556.1 for carbonyl compounds that includes some 
innovations, such as performing the derivatising reaction in a strong acidic medium 
(pH 1.1), and the addition of magnesium sulphate to the aqueous layer as the 
heating agent, which allows to carry out the whole simultaneous 
derivatisation/microextraction process in only 1 min. Large-volume sample 
injection (50 µL) coupled to programmable temperature vaporizer–gas 
chromatography–mass spectrometry is also used to improve the sensitivity. The 
MLLE method demonstrated high extraction efficiency (96%) with low limits of 
detection, between 0.7 and 80 ng L−1, and good precision (RSD below 10%, n = 
11). The proposed method was evaluated by determining aldehydes in water. Our 
study demonstrated that the selection of the target aldehydes was appropriate since 
all were found (at average concentrations from 8.0 to 1.4 µg L−1 for aliphatic and 
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1. Introduction 
The combustion is a primary source of aliphatic and aromatic low-
molecular-mass aldehydes (LMMAs) emission into the atmosphere [1–4]. These 
compounds are water-soluble and hydrophilic because of the presence of polar 
functional groups in combination with their small molecular sizes – especially 
aliphatic LMMAs; as a result, aldehydes have been detected in mineral and surface 
waters as their atmospheric particulate matter soluble fraction [5–7]. LMMAs have 
also been identified as disinfection by-products (DBPs) after water treatment with 
ozone and/or chlorine-containing disinfectants as well as their combinations [8,9]. 
The ozonation process plays an important role in the formation of aliphatic 
LMMAs, which are the object of special attention because of their adverse health 
effects. Aldehydes are electrophilic reactive chemicals that may form DNA–protein 
cross-links and induce carcinogenesis/mutagenesis; consequently, some volatile 
aldehydes such as formaldehyde and acetaldehyde are receiving gained interest 
because of their high toxicity and carcinogenic effect [10–12], although no 
legislation has been reported for their control in drinking water so far. The World 
Health Organisation has established a health-based guideline value of 900 µg L−1 for 
formaldehyde in drinking water [13].  
The determination of LMMAs in water involves a derivatisation step before 
extraction and chromatographic analysis due to the high polarity, chemical 
instability and volatility of these compounds. One typical derivatisation reaction 
involves the use of 2,4-dinitrophenylhydrazine (DNPH) followed by liquid 
chromatography (LC) analysis of the hydrazones formed [5,14–19]. By gas 
chromatography (GC) the derivatisation is usually carried out with o-2,3,4,5,6-
pentafluorobenzylhydroxylamine (PFBHA) and corresponding non-polar oximes 
are extracted into an organic solvent [20–23]. The headspace (HS) sampling 
technique coupled with GC has been used for the determination of four aliphatic 
aldehydes after derivatisation with PFBHA to increase their resolution [24]. 
Derivatisation with PFBHA is carried out under mild reaction conditions (viz. 
ambient temperature, in aqueous medium) and provides better yields [20,22,25,26] 
than using other reagents (e.g. thiazolidine, cysteamine). In addition, PFBHA 
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provides a highly detectable and identifiable derivative that is sensitive and 
characteristic to both electron capture detector (ECD) [23,27] and mass 
spectrometer (MS) [20–22,24–27] and also shows higher stability for α,β-
unsaturated dicarbonyl (e.g. glyoxal, methylglyoxal) derivatives [28]. 
United State Environmental Protection Agency (EPA) Methods 556.1 and 
8315A are commonly used for the determination of free carbonyl compounds 
(including aliphatic LMMAs and benzaldehyde) in various matrices using PFBHA 
and DNPH, respectively [29,30]. Traditional liquid–liquid extraction (LLE) or solid 
phase extraction are used in these official methods for pre-concentration and clean-
up purposes; however, taking into account the time needed for sample pre-
concentration, the cost and the large amount of solvent consumption, micro and 
miniature techniques are being developed and more widely used to overcome these 
troublesome aspects. Because the concept of “green chemistry” is greatly 
encouraged, the recycling of the solvents used is much preferred or, more correctly, 
sample enrichment without solvents [31]. Thus, different miniaturised sample 
preparation techniques are involved in the methods to determine some LMMAs in 
water. These methods include ultrasound-assisted dispersive liquid–liquid 
microextraction coupled to GC–MS [20], solid phase microextraction (SPME)–
GC–MS [21,26] and HS–SPME followed by GC with ECD [23] or ion trap tandem 
MS detection [25]. It is noteworthy that the fibre used in the SPME technique can 
be damaged by the derivatising reagent [32], and the detection limits obtained were 
at high µg L−1 levels [21], which exceed the concentration of aldehydes reported (ng 
L−1–µg L−1) in water. Thus, a simpler miniaturised technique would be desirable, 
such as micro liquid–liquid extraction (MLLE), for the determination of the whole 
array of LMMAs found in water. In addition, the use of MLLE combined with the 
programmable temperature vaporizer (PTV)-based large volume injection (LVI) in 
GC–MS analysis can also improve sensitivity and allow the determination of 
aldehydes at trace levels. This coupling has appeared in one of our recent reports 
for the determination of haloacetaldehydes in water, providing limits of detection 
(LODs) between 6 and 20 ng L−1 [33]. To our knowledge, only one other method 
has been reported on the use of the PTV-based LVI approach for the analysis of 
these carbonyl compounds by GC–MS, namely the determination of wine aldehydes 
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with sensory significance [27]. The present study introduces a novel 
MLLE/derivatisation method for the simultaneous GC–MS determination of 
thirteen aliphatic and aromatic LMMAs in water in order to reduce analysis time 
and solvent/reagent consumption through the simplification of sample treatment. 
In addition, sensitivity was also improved by using a LVI–PTV system in the GC–
MS analysis of these carbonyl compounds. The selection of aldehydes was carried 
out on the basis of their frequent or suspected presence in water. 
2. Materials and methods 
2.1. Reagents and solutions 
2,5-DHBA, 98%), 3-hydroxybenzaldehyde (3-HBA, 97%), 3-
methylbenzaldehyde (3-MBA, 97%), 2,5-dimethylbenzaldehyde (2,5-DMBA, 99%), 
2-ethylbenzaldehyde (2-EBA, 88%), the internal standard (IS, 1,2-dibromopropane), 
formaldehyde (C1, 37% (w/v) solution in water), acetaldehyde (C2, 99.5%), 
methylglyoxal (MG, 40% solution in water), o-2,3,4,5,6-pentafluorobenzyl 
hydroxylamine hydrochloride (PFBHA, 98%) and n-hexane were supplied by 
Sigma–Aldrich (Madrid, Spain). Propionaldehyde (C3, 96%), butyraldehyde (C4, 
99%), valeraldehyde (C5, 97%), glyoxal (G, 40% solution in water) and LC–MS 
Ultra-grade water (Chromasolv, 2L) were purchased from Fluka (Madrid, Spain). 
Individual stock standard (1.0 g L−1) and cumulative (0.1 g L−1) solutions of aliphatic 
and aromatic LMMAs were prepared in methanol and stored in amber glass vials at 
−20 ºC. More diluted individual or cumulative solutions were prepared daily in 
commercial LC–MS Ultra-grade water (free of DBPs) at the microgram per litre 
level. 
2.2. PTV–GC–MS instrument 
Analysis was performed with a PTV–GC–MS using an HP 7890A gas 
chromatograph (Agilent Technologies, Palo Alto, CA, USA) equipped with an HP 
5975C mass selective detector (Triple-Axis Detector). Separation was performed on 
an HP-5MS column (30 m × 0.25 mm × 0.25 µm) supplied by Agilent. The GC 
oven temperature programme was: 40 ºC, held 4 min; ramped to 200 ºC at 5 ºC 
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min−1 and held 2 min, and finally, increased to 250 ºC at 5 ºC min−1; Helium (carrier 
gas), 1.0 mL min−1; and solvent delay, 7 min. An Agilent programmable temperature 
vaporisation inlet (G2619A Septumless Head), with PTV multi-notch deactivated 
liner (Part No. 5183-2041), was applied as the sample injector, and operated in a 
solvent vent mode. The PTV conditions were: injection volume, 50 µL; vent time, 
0.5 min; vent flow, 20 mL min−1 (pressure, 0 psi); and purge flow, 60 mL min−1 at 2 
min, for which the inlet temperature was programmed from 45 ºC (held for 0.5 
min) to 200 ºC (held until end) at a rate of 500 ºC min−1. The MS conditions were as 
follows: transfer line and ion source temperatures, 250 ºC; ionisation mode EI at 70 
eV; full scan for identification (70–500 amu); selected ion mode (SIM) for 
quantification. Table of analytical characteristics shows the ions selected in SIM 
mode to identify and quantify the whole array of aldehydes. 
2.3. Sample collection and preservation 
Amber glass bottles (100 mL) with poly(tetrafluoroethylene) screw caps 
were used for the collection of the water. Prior to the sampling, 50 mg copper 
sulphate pentahydrate – to prevent the sample from suffering microbiological decay 
– in addition to 50 mg of ammonium sulphate for treated water – to absorb active 
chlorine – were added to each bottle [29]. Samples were stored at 4 ºC and analysed 
within 7 days after collection, according to EPA recommendations [29]. For MLLE 
analysis, 9 mL of water sample (prepared as described below) was placed in 10 mL 
glass vials. 
2.4. Simultaneous derivatisation/microextraction procedure 
A volume of 9 mL of water or standard solutions, prepared in commercial 
LC–MS Ultra-grade water containing from 0.002–0.3 to 5–100 µg L−1 of each 
aldehyde and 2 µg L−1 of 1,2-dibromopropane, was placed in 10 mL glass vials and 
mixed with 20 µL of concentrated sulphuric acid (resulting pH 1.1). Then, 50 µL of 
90 g L−1 PFBHA aqueous solution, 200 µL of n-hexane and 4 g of MgSO4 were 
added, after which the vial was immediately sealed and vortexed for 1 min. In these 
conditions the vial was heated by the exothermic hydration of MgSO4, directly 
providing a temperature of ~60 ºC; thus, the simultaneous derivatisation/ 
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microextraction of the target analytes was accomplished. Then, the mixture was 
decanted for 2 min in an ice bath and ~70 µL of the upper n-hexane layer was 
transferred to a 0.1 mL conical glass insert inside a 2 mL amber glass GC vial 
containing ~10 mg of Na2SO4 to dry the extract. Finally a volume of 50 µL was 
aspirated with a 100 µL GC microsyringe and injected into the PTV–GC–MS 
instrument for analysis. 
2.5. EPA Method 551.1 procedure 
The determination of aliphatic and aromatic LMMAs in water by liquid–
liquid extraction was performed following EPA Method 556.1 [29]. Samples were 
collected in 30 mL amber glass containers with a poly(tetrafluoroethylene) screw 
cap containing 15 mg of ammonium chloride or ammonium sulphate and 15 mg of 
copper sulphate pentahydrate. Then, an aliquot of 20 mL of sample was adjusted to 
pH 4 with diluted H2SO4 and the aldehydes were derivatised in a constant-
temperature water bath at 35 ºC for 2 h by adding 15 mg of PFBHA. After cooling 
at room temperature for 10 min, 2–4 drops of concentrated H2SO4 to prevent the 
extraction of excess reagent and 4 mL of n-hexane containing 400 µg L−1 of the 1,2-
dibromopropane (IS) were added and the mixture was shaken manually for 3 min 
and let stand for 5 min to allow the separation of the phases. The hexane layer was 
drawn off and transferred to a 10 mL vial containing 3 mL of 0.1 mol L−1 H2SO4 to 
reduce reagent excess. Then, the vial was shaken for 30 s and let stand for 5 min for 
phase separation, and the upper hexane layer was drawn off and placed in a 0.1 mL 
conical glass insert inside a 2 mL amber glass GC vial containing ~10 mg of Na2SO4 
to dry the extract. Finally, 50 µL of the extract was injected into the PTV–GC–MS 
instrument for analysis. 
2.6. Data processing 
After derivatisation of aldehydes with PFBHA [34], two isomers – (Z)- and 
(E)-oximes – can be formed generally, whereas four of them for the two 
dialdehydes G and MG (two for each carbonyl bond). Therefore, the sum of the 
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peak areas of each isomer was used as the analytical signal for quantification 
purposes. 
The limits of detection and quantification (the lowest concentration of the 
linear range) were calculated at the lowest absolute concentration of each analyte in 
a sample that provides a chromatographic signal 3 or 10 times, respectively, higher 
than background noise [35]. 
3. Results and discussion 
3.1. Optimisation of derivatisation conditions 
For optimising the derivatisation of aldehydes with PFBHA, the starting 
experimental conditions were based on the EPA Method 556.1 although for the 
extraction of the oximes formed the aqueous/organic phase ratio was changed from 
20/4 (EPA Method 556.1) to 9/0.5 (MLLE method). Thus, preliminary 
experiments were carried out with 9 mL of aqueous standards containing 2 µg L−1 
of each aldehyde and IS, and 50 µL of PFBHA aqueous solution at pH ~4.0 
(adjusted with diluted H2SO4) in 10 mL glass vials. The vial was recapped and the 
aldehydes were derivatised to their corresponding oximes at 35 ºC for 2 h [29]. 
Then, 0.5 mL of n-hexane was added as extractant through the septum with a 
syringe, shaken manually for 3 min and left to stand for 2 min in an ice bath. 
Subsequently, 70 µL of the organic phase were transferred to a conical glass insert 
(0.1 mL) inside a 2 mL amber glass GC vial containing ~10 mg of Na2SO4 to dry 
the extract, and finally an aliquot of 50 µL was injected into the PTV–GC–MS 
instrument. 
The amount of PFBHA was studied in the range of 0.8–28 µmol to 9 mL of 
water sample. No significant changes in relative peak areas were observed in the 
amounts assayed for aliphatic LMMAs, whereas for aromatic and dicarbonyl ones, 
at least 11 µmol (50 µL of 55 g L−1 PFBHA solution) were necessary. This 
behaviour can be ascribed to the steric effects associated with the size of the 
aromatic ring for this type of LMMAs, and with the pentafluorobenzyl group of the 
PFBHA in the derivatisation of the second carbonyl bond for dialdehydes, which 
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hinder the approach of the aldehyde towards the PFBHA amine group. To ensure a 
high degree of efficiency in the derivatisation of the target analytes, 50 µL of 90 g 
L−1 of PFBHA (18 µmol) per 9 mL of water sample was selected for further 
experiments. The sample pH was adjusted with H2SO4 and studied from 1.0 to 6.2 
(aqueous standards without pH adjustment). As can be seen in Fig. 1, the 
dependencies were again different; thus, the analytical signal for aliphatic aldehydes 
was independent of the pH over the range studied, whereas for aromatic LMMAs 
and dicarbonyl aldehydes a plateau was observed up to pH ~3.7. From these results, 
water samples (9 mL) were prepared in sulphuric acid medium by adding 20 µL of 
concentrated H2SO4 which provides a sample pH value of 1.1. This pH value was 
chosen with two aims: (i) to enhance the kinetics of the derivatisation reaction, 
especially for aromatic and dicarbonyl LMMAs. In fact, it favours the protonation 
of an intermediate formed by the nucleophilic addition of the PFBHA amine group 
to the carbonyl group of the aldehyde, from which the corresponding oxime is 
obtained after elimination of a water molecule [36]; and (ii) to avoid the second 
extraction required in EPA Method 556.1 to reduce the PFBHA excess in the n-
hexane layer.  
 
 
Fig. 1. Effect of the acidity of the water 
sample on the derivatisation efficiency of 
five representative LMMAs. C2 (○), MG 
(●), BA ( ), 3-MBA (▲) and 3-HBA (□). 
Aldehyde concentration, 2 µg L−1; sample 
volume, 9 mL; and extractant volume, 0.5 
mL. Error bars are the standard deviation 
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Time and temperature were studied throughout the ranges 1–120 min and 
35–60 ºC, respectively. In addition, other choices for improving the kinetics of the 
reaction were also assayed, such as vortex agitation and the use of ultrasonic or 
microwave radiation (60 ºC was the minimum temperature achieved when using 
microwave energy). From the experimental results obtained, it can be concluded 
that the maximum analytical signal was obtained at 60 ºC with 1 min of reaction 
time without agitation and irradiation. This drastic decrease in derivatisation time (1 
min at 60 ºC) with regard to EPA Method 556.1 (2 h at 35 ºC) can be ascribed not 
only to the increase in the temperature but also to the acidic medium (pH 1.1) 
selected to develop the derivatisation procedure. 
3.2. Optimisation of microextraction conditions 
In addition to the typical features required for the use of an extraction 
solvent in LLE (viz. high affinity for target analytes, low solubility in water and good 
chromatographic behaviour), lower density than water was also recommended in 
the proposed MLLE method in order to favour both visualisation of the organic 
layer and its collection with a syringe. Accordingly, ethyl acetate and n-hexane were 
assayed to evaluate their performance in the MLLE method. To correctly compare 
the extraction efficiency provided by each solvent, the IS was also added to the 
sample to correct the uncertainty associated with the higher dissolution of ethyl 
acetate in the aqueous phase. Two experiments were carried out in parallel: in the 
absence and in the presence of a salting out agent by adding ~3 g of ammonium 
sulphate. Although both solvents provided similar extraction efficiency, ethyl 
acetate required the addition of ammonium sulphate for phase separation (probably 
due to its higher miscibility with water), and therefore n-hexane was selected since it 
also offers better chromatographic behaviour and lower miscibility with water. For a 
constant sample volume of 9 mL, a series of n-hexane volumes (100–500 µL) were 
studied. It is well-known that two opposite effects can be observed in this study: (i) 
the enrichment factors decreased on increasing the volume of n-hexane due to the 
dilution effect of the oxime-products; and (ii) it is very difficult to collect the upper 
layer using lower volumes of extraction solvent (e.g. < 200 µL). As a result, a volume 
of extraction solvent no higher than 200 µL was selected for subsequent 
experiments. The effect of ionic strength was evaluated by adding different sulphate 
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salts, namely: Na2SO4, (NH4)2SO4 and MgSO4 to the sample solution. No significant 
changes in extraction efficiency in any analytes were observed in the presence of 
Na2SO4 or (NH4)2SO4, both at a concentration of 2.3 mol L
−1 (ionic strength, 6.9 
mol L−1), as well as in the absence of any salt (see Fig. 2). However, the extraction 
efficiency increased about 20–30% for the oximes of target analytes when the ionic 
strength was adjusted at 6.8 mol L−1 by adding MgSO4 (1.7 mol L
−1, 2 g).  
Fig. 2. Effect of the addition of different types of sulphate salts to the aqueous phase on the 
extraction efficiency of the target aldehydes. LMMA concentration, 2 µg L−1; sample volume, 9 
mL; and n-hexane volume, 200 µL). Error bars are the standard deviation for three 
measurements. 
 
Because the ionic strength was the same in all experiments, this behaviour 
cannot be attributed to a salting-out effect but to the fact that anhydrous MgSO4 
heated the sample solution due to its exothermic hydration (e.g. 2–4 g salt increased 
the temperature of 9 mL of water at ~45–60 ºC). This increase in the analytical 
signal cannot be ascribed to a possible partial evaporation of the n-hexane phase as 
it has been verified experimentally by heating this solvent at 60 ºC. In our opinion, 
this increase in temperature could exert a favourable effect on the distribution 
coefficient of the oxime-products between the aqueous and n-hexane phases, thus 
causing an increase in their extraction efficiencies. From these results, the ionic 
strength of the aqueous phase on the MLLE method was adjusted by adding 4 g of 
Capítulo 3 
 
90   
MgSO4 (3.4 mol L
−1) to 9 mL of aqueous sample solution because: (i) no significant 
changes in the analytical signals of any compounds were observed over the range 
1.7–3.4 mol L−1 MgSO4; and (ii) this excess can assure a better reproducibility of the 
temperature achieved by the aqueous sample solution because the aqueous phase is 
saturated in MgSO4 at concentrations above 1.7 mol L
−1. 
3.3. Efficiency of the simultaneous derivatisation/microextraction 
process 
Once the derivatisation and microextraction steps were individually 
optimised, the simultaneous process was advocated taking into account the 
following aspects: (i) the optimal temperature for the derivatisation of aliphatic and 
aromatic LMMAs was ~60 ºC; (ii) the addition of 4 g of MgSO4 (3.4 mol L
−1) 
directly provides this temperature in the aqueous solution; and (iii) the boiling point 
of n-hexane (69 ºC). Therefore, the simultaneous derivatisation/microextraction of 
target analytes was studied without heating since the addition of the MgSO4 salt 
provided the optimal temperature for their derivatisation (~60 ºC), and only 
different types of stirrer (manual, vortex and ultrasonic) were assayed. From the 
experimental results obtained, the best conditions for oxime 
derivatisation/microextraction were achieved when 9 mL of the sample solution 
were vortexed for 1 min. 
The efficiency of the simultaneous derivatisation/microextraction step was 
evaluated with a second one on the remaining sample solution. For this purpose, 
fresh derivatising and extractant solutions were added to the vial and heated at 60 
ºC for 1 min (no salt was added since the aqueous phase was saturated in MgSO4). 
Average efficiencies of the whole process were calculated in quintuplicate, using a 
normalisation method in which the sum of the analytical signals obtained in the two 
sequential extractions was assigned a value of 100%. The results obtained in the 
first run were 96 ± 1% for the thirteen aldehydes, whereas the second run provided 
negligible extraction efficiency values. Thus, one extraction run allows the 
simultaneous derivatisation/microextraction of the whole array of aldehydes, which 
greatly simplifies the analytical process. 
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3.4. Optimisation of the LVI–PTV injection 
A Plackket–Burman design was performed to establish which variables 
significantly influenced the responses of the analytes. The variables and the ranges 
studied (selected according to previous assays) were as follows: injection volume 
(Vinj, 20–50 µL), initial inlet temperature (Tinlet, 45–60 ºC), ramp rate (Rramp, 100–500 
ºC min−1), vent flow (Fvent, 20–100 mL min
−1), vent time (tvent, 0.5–1 min), and 
column pressure (Pcolumn, 7–12 psi). The design matrix, involving 15 randomised 
experiments, and the responses (defined as chromatography peak areas) for six 
representative aldehydes (C1, C5, G, BA, 2-EBA and 2,5-DHBA) are given in 
Table 1. The precision of the measurements was estimated from the three replicates 
of the central point (RSD values for all the analytes were between 2.0% and 3.3%). 
The effect of the variables studied was defined according to the p-values 
obtained at a 95% confidence level (see Table 2). From the analysis of the results 
obtained two general trends can be observed according to the type of carbonyl 
compound studied; thus, all variables – except vent time (fixed at the lowest value 
studied, 0.5 min) – had a significant effect for most of the aliphatic aldehydes, 
whereas for dicarbonyl and aromatic aldehydes only the injection volume exerted a 
significant effect. These dependencies are closely related to the volatility of the 
oxime-product formed from the corresponding aldehyde. The injection volume was 
the most significant variable, especially for the least volatile analytes, since a large 
volume injection can greatly increase their analytical response; by contrast, the most 
volatile ones (C1–C3) were not significantly affected because they were swept out of 
the liner with the solvent when the injection volume increased. Due to its positive 
effect, injection volume was fixed at the highest value studied (50 µL). The opposite 
behaviour was observed for the rate ramp since this variable had a significant high-
positive effect on the most volatile analytes (C1–C5, BA and 3-MBA) and, in this 
sense, a 500 ºC min−1 rate ramp was chosen. A high initial inlet temperature had a 
negative effect on the most volatile analytes (C1–C5) because of their vaporisation 
and loss during the solvent evaporation step, and thus the temperature was fixed at 
the lowest value studied (45 ºC). The other variables (vent flow and column 
pressure) had no significant effect on the aldehydes studied except for those with 
the highest volatility (C1–C3), which showed a negative effect, because these 
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analytes were swept out of the liner as vent flow increased and too much gas 
pressure in the PTV inlet would lead them to the vent. Due to their negative effect, 
vent flow and column pressure were fixed at the lowest values studied (20 mL min−1 
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3.5. Method validation 
Under the described derivatisation/microextraction conditions, the figures 
of merits in the calibration graphs [linearity range, LODs, limits of quantification 
(LOQs), and precision] were determined using spiked ultrapure LC–MS water 
samples. Results of the validation parameters are shown in Table 3. Calibration 
plots showed excellent linear dependence over the concentration ranges examined 
(from 0.002–0.3 to 5–100 µg L−1) with correlation coefficients higher than 0.9980. 
The precision of the MLLE method, expressed as relative standard deviation 
(RSD), was checked by 11 replicate analyses of the standard solutions (0.5 µg L−1 
concentration of each aldehyde) under the same operational parameters, ranging 
from 7.3 ± 0.8% (within-day) to 8.3 ± 0.8% (between-day) showing the good 
precision of the method. Although the lower LODs (0.7–8.0 ng L−1) achieved for 
the determination of aliphatic LMMAs are very significant, even more noteworthy is 
the high sensitivity obtained for aromatic ones, which allows the proposed method 
to be the first systematic contribution to the GC determination of this type of 
aldehydes in water samples as DBPs. By using LC, only one reference has been 
reported on the analysis of these aromatic LMMAs in water samples [15], and the 
analysis of BA in the presence of aliphatic LMMAs in spiked water samples is the 
subject of some sporadic reports [16,22]. Here, it is also of interest to compare the 
LODs of the 13 target analytes achieved by the proposed MLLE method to other 
microextraction PFBHA–GC–MS methods reported in the bibliography for the 
determination of these aldehydes in water samples. SPME [21], HS [24], HS–SPME 
with on-fibre derivatisation [26] and ultrasound assisted dispersive liquid–liquid 
microextraction [20] have been used for this purpose. From the results reported, the 
following conclusions can be drawn: (i) these methods are more time consuming 
than the proposed MLLE one (60 ºC, 3 min) due to the lower kinetics of the 
derivatisation reaction (80 ºC for 30 min [21] and 60 ºC for 60 min [24]) or the 
microextraction process (5 min [20] and 20 min [26]); (ii) the MLLE method 
provides higher sensitivity than other microextraction alternatives, whose LODs – 
from 160 to 1600 ng L−1 – were ~2–3 orders of magnitude higher than those 
afforded by the MLLE method; and (iii) the aim of the reported methods was 
essentially the determination of aliphatic LMMAs, and only one of them was also 
focused on the analysis of aromatic ones, concretely on aqueous particulate matter 
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extracts [21]. In summary, it is possible to conclude that the proposed MLLE 
method is the fastest and most sensitive choice for determining the target aldehydes 
reported so far.  
The proposed MLLE method was validated with EPA Method 556.1 using 
the procedure described in Section 2, and the quantitative parameters found were 
also listed in Table 3. The precision of EPA Method 556.1 was assessed – samples 
with 5 µg L−1 of each aldehyde – and the average within-day and between-day 
variability obtained were 7.2 ± 0.9% and 8.2 ± 1.0%, respectively. As can be seen, 
although the precision provided by both methods was similar, the MLLE method 
gave sensitivity ~10 times higher than that achieved by EPA Method 556.1, which is 
in accord with the respective aqueous/organic phase ratio used in both methods 
(respectively, 45 and 5 for MLLE and EPA Method 556.1) because in both 
instances the extraction efficiency was ~100%. 
The accuracy of both methods was verified in a tap water spiked with two 
different concentrations of each aldehyde, according to its sensitivity: (i) 0.1 and 0.5 
µg L−1 for aliphatic and aromatic LMMAs, respectively, and (ii) 4 µg L−1 for both 
types of aldehydes per 9 mL of the sample for the MLLE method. Relative 
recoveries – an indicator of the matrix effect – were calculated as the ratio of peak 
areas of the analytes in tap and LC–MS Ultra-grade water spiked with the same 
amount of analytes. As the selected tap water contained all aliphatic aldehydes and 
benzaldehyde, the native concentration in the unspiked sample was initially 
determined. Relative recoveries by the proposed method ranged from 96% to 99% 
for the thirteen aldehydes at low and high concentration levels, respectively, while 
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3.6. Determination of aldehydes in water 
In order to verify the effectiveness of the MLLE–PTV–GC–MS method 
proposed for the application in question, ten water samples were analysed, including 
drinking, well and swimming pool waters. Tables 4 and 5 show the aliphatic and 
aromatic LMMA concentrations, respectively, found in the different waters. The 
results were validated against those provided by EPA Method 556.1, which were 
also included in these tables. As can be seen the two methods provided similar 
results; however, EPA Method 556.1 failed to detect the majority of aromatic 
aldehydes (except for BA and 3-HBA) in all waters owing to its lower sensitivity. 
Aliphatic aldehydes (Table 4) were present in all waters including well water at 
concentrations from 0.01 to 38 µg L−1, C1 and C2 being the most prevalent in all 
instances, and dicarbonyl aldehydes were those found at lower concentrations. The 
high concentrations of aliphatic aldehydes found in swimming pools is noteworthy 
since the concentration of organic matter and especially residual chlorine were 
higher in these water samples: 1–3 mg L−1 for outdoor–indoor pools versus 0.3–0.5 
mg L−1 for tap waters; so the concentrations of these DBPs increased (between 2 
and 9 times from tap to swimming pool waters). With regard to aromatic aldehydes 
(Table 5) only BA, 3-MBA and 3-HBA were found in tap water but the six 
aromatic compounds studied were present in swimming pool waters at 
concentrations from 0.2 to 11 µg L−1, BA being the most prevalent. Finally, Fig. 3 
shows the chromatogram (SIM mode) obtained from the indoor swimming pool 
water 1. As can be seen, (E) and (Z) isomers for aliphatic and aromatic aldehydes 
can be resolved. Four isomers can be formed for compounds with two carbonyl 
groups, which co-eluted in the case of G (see peak 11 in Fig. 3) and can be resolved 
for MG (see peak 12). The “R” peak was identified as the excess from PFBHA but 
it does not interfere with the analysis of the aldehydes studied.  
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Fig. 3. PTV–GC–MS chromatogram (SIM mode) 
obtained from the analysis of the indoor swimming pool 
water 1 (see Tables 3 and 4) by the proposed MLLE 
method. Peak identification: 1, C1; 2, C2; 3, C3; 4, C4; 5, 
C5; 6, BA; 7, 3-MBA; 8, 2-EBA; 9, 2,5- DMBA; 10, 3-
HBA; 11, G; 12, MG; 13, 2,5-DHBA; IS, internal standard 
and R, PFBHA excess. 
4. Conclusions 
LLE is one of the most commonly extraction techniques used in water 
analysis, but it requires large volumes of solvent and, therefore, alternative 
extraction techniques allowing minimum or no solvent consumption are advocated. 
Nevertheless if we compare LLE with micro scale alternatives, it can be observed 
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that the classical solvents in conventional LLE (e.g. n-hexane, ethyl acetate and 
methyl tert-butyl-ether), which provide excellent extraction efficiency and 
compatibility with GC–MS, have been replaced by other solvents which give lower 
extraction efficiency (e.g. octanol, hexanol, undecanol). These solvents, with higher 
boiling points, are less volatile and can be retained either inside the column or in the 
mass spectrometer ion source, with the corresponding well-known problems. The 
proposed MLLE method demonstrated that it is possible to use conventional 
solvents in miniaturised techniques with all the advantages that this means. For the 
first time a fast, simple, sensitive and robust method has been developed to 
derivatise and extract thirteen LMMAs in one step for their determination by GC–
MS at trace levels in water. The MLLE method-based on EPA Method 556.1 – is 
characterised as being an environment-friendly microextraction choice that uses a 
low volume of solvent and presents the following innovations: (i) the derivatisation 
reaction with PFBHA can be performed in a strong acidic medium (pH 1.1) at 60 
ºC for 1 min versus the weak acidic medium (pH 4.0) at 35 ºC for the 2 h required by 
EPA Method 556.1; (ii) the addition of magnesium sulphate to the aqueous phase – 
it heated this layer up to ~60 ºC – allows the simultaneous derivatisation/ 
microextraction of aldehydes in only 1 min; and (iii) the use of an aqueous/organic 
phase ratio of 45 versus 5 (EPA Method 556.1) together with a LVI (50 µL) coupled 
to PTV–GC–MS improved the sensitivity with LODs at ng L−1 levels. Finally, it 
should also be emphasised that the combination of this MLLE method with the 
direct LVI of the extract in the PTV–GC–MS system minimises the generation of 
hazardous residues in accordance with the principles of “Green Chemistry”. 
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Static headspace gas chromatography–mass spectrometry for 
the one-step derivatisation and extraction of eleven aldehydes 
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Abstract 
Low-molecular-mass aldehydes (LMMAs) are water disinfection by-
products formed by the reaction of ozone and/or chlorine with natural organic 
matter in water. LMMAs are mutagenic and carcinogenic compounds, which are 
detected at ng/L levels in water. An analytical method that allows simultaneous 
derivatisation and extraction of LMMAs in water has been developed using the 
classical static headspace technique coupled with gas chromatography–mass 
spectrometry (HS–GC–MS). Important parameters controlling the derivatisation of 
LMMAs with o-2,3,4,5,6-pentafluorobenzylhydroxylamine, oxime-products 
extraction and headspace generation were optimised to obtain the highest 
sensitivity, completing the entire process in 20 min. For the first time the 
derivatisation reaction was carried out at alkaline pH adjusted with sodium 
hydrogen carbonate which exerts a significant enhancement effect on the 
derivatisation efficiency of the aldehydes; up to 20-fold with respect to those 
obtained in weak acid media as recommended by EPA Method 556.1. The addition 
of 200 µL of n-hexane, as a chemical modifier, favoured the volatilisation of oxime-
products, increasing the sensitivity of the method. The proposed method allows the 
achieving of detection limits from 2 to 80 ng/L and has excellent precision (RSD 
average value of 6.4%) and accuracy (recovery ranging from 97% to 99%) for 
LMMA quantifications in drinking water samples. Finally, the HS–GC–MS method 
was validated relative to EPA Method 556.1 for the analysis of drinking water 
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1. Introduction 
The introduction of water disinfection has greatly reduced the incidence of 
infectious waterborne diseases and, accordingly, has been one of the most 
important advances in public health in the last century [1,2]. Although chlorine is 
the most common disinfectant, alternatives include ozone, chloramines and 
chlorine dioxide [3]. An unintended consequence of disinfection is the formation of 
drinking water disinfection by-products (DBPs) from the reaction between organic 
and inorganic materials in the water and disinfectants [1,4,5]. Among them, low-
molecular-mass aldehydes (LMMAs) constitute a group of DBPs formed by the 
reaction of ozone and/or chlorine with humic substances in water [5–9], these 
being the most relevant ozonation DBPs due to their adverse health effects [10–12]. 
Although no legislation has been established for their control, the World Health 
Organisation has published a drinking-water guideline value of 900 µg/L for 
formaldehyde [13]. 
The direct determination of aldehydes in water is complicated due to their 
high polarity, reactivity and volatility; so their derivatisation prior their extraction 
from water and detection by chromatographic techniques is mandatory. The most 
commonly used derivatisation reaction for the determination of carbonyl 
compounds by liquid chromatography (LC) is based on the formation of 
hydrazones by reaction with 2,4-dinitrophenylhydrazine (DNPH) [14–20]. o-
2,3,4,5,6-Pentafluorobenzylhydroxylamine (PFBHA) is the alternative derivatisation 
reagent used for gas chromatography (GC) analysis with mass spectrometry [21–29] 
or electron capture detection (ECD) [25,30]. PFBHA reacts with LMMAs to form 
the corresponding non-polar oximes, forming two isomers (Z and E) for most 
aldehydes except formaldehyde [31]. GC-PFBHA methods are increasingly being 
viewed as a useful alternative for LC-DNPH ones for the determination of these 
aldehydes in liquid samples, particularly in water [22,30]. Taking into account that 
PFBHA derivatives do not decompose at high temperatures, the headspace (HS) 
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Both PFBHA and DNPH have been recommended by the United States 
Environmental Protection Agency (EPA) in Methods 556.1 [32] and 8315A [33], 
respectively, for the derivatisation of free carbonyl compounds in various matrices. 
These EPA methods involve liquid–liquid extraction (LLE) [32,33] or solid phase 
extraction (SPE) [33]. However, LLE is time-consuming and requires large amounts 
of organic solvent, and SPE can be relatively expensive. Because of these 
disadvantages and the establishment of the “green chemistry” concept [34,35], 
microextraction and solvent free techniques are attracting more interest. 
Accordingly, solid phase microextraction (SPME) has become an attractive 
alternative to conventional sampling techniques for the determination of aldehydes 
in water by GC [23,28,30]. However, SPME suffers certain drawbacks because its 
fibre is fragile and has a limited lifetime, and prone to sample carryover problems. 
HS–single-drop microextraction–GC–MS has been proposed to determine five 
aliphatic aldehydes [26], but it is difficult to achieve a stable organic drop and the 
thermodynamic equilibrium is not usually attained [36]. Furthermore, neither of 
these methods achieves limits of detection (LODs) below high µg/L levels. 
Recently, a specific method has been proposed to determine thirteen LMMAs based 
on micro liquid–liquid extraction combined with the programme temperature 
vaporiser-based on large volume injection–GC–MS in order to miniaturise the 
derivatisation/microextraction process, providing low LODs (0.7–80 ng/L) [21]. 
The HS technique is also a fast, simple, efficient and environmentally friendly 
sampling method that has been used with GC only to determine four aldehydes 
(formaldehyde, acetaldehyde, propionaldehyde and butyraldehyde) in water, 
providing LODs ranging between 300 and 500 ng/L [29]. 
The current research has focused on the following aspects: (i) developing a 
sensitive method for the simultaneous determination of aliphatic and aromatic 
aldehydes in water by using the HS technique; (ii) proposing a simple and highly 
effective and sensitive derivatisation procedure for the eleven tested aldehydes; and 
(iii) studying different modifiers to favour the volatilisation of these compounds, 
taking into account the disparity in the volatilities of PFBHA derivatives. In this 
context, the most significant parameters were both derivatisation pH and the use of 
a modifier to favour the sweep of the oximes (formed from aldehydes) to the 
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headspace. The results obtained show that the aims of this work have been achieved 
with high efficiency and sensitivity for the eleven aldehydes selected. 
2. Experimental 
2.1. Chemicals and standards 
Propionaldehyde (C3, 96%), butyraldehyde (C4, 99%), valeraldehyde (C5, 
97%), glyoxal (G, 40% solution in water) and LC–MS Ultra-grade water 
(Chromasolv, 2L) were purchased from Fluka (Madrid, Spain). Benzaldehyde (BA, 
99%), 3-methylbenzaldehyde (3-MBA, 97%), 2,5-dimethylbenzaldehyde (2,5-
DMBA, 99%), 2-ethylbenzaldehyde (2-EBA, 88%), the internal standard (IS, 1,2-
dibromopropane), formaldehyde (C1, 37%, w/v solution in water), acetaldehyde 
(C2, 99.5%), methylglyoxal (MG, 40% solution in water), o-2,3,4,5,6-
pentafluorobenzylhydroxylamine hydrochloride (PFBHA, 98%) and PFBHA oxime 
standards of C1 (98%), C3 (98%) and C5 (98%) were supplied by Sigma–Aldrich 
(Madrid, Spain). n-Hexane and sulphuric acid were purchased from Merck 
(Darmstadt, Germany) and methanol from Romil Chemicals (Cambridge, UK). 
Sulphate salts of ammonium and copper pentahydrate and anhydrous sodium 
hydrogen carbonate salts were supplied by Panreac (Barcelona, Spain). All other 
solvents or salts used were of analytical grade or better. 
Individual stock standard (1.0 g/L) and cumulative (0.1 g/L) solutions of 
aliphatic and aromatic LMMAs were prepared in methanol and stored in amber 
glass vials at −20 ºC. More dilute individual or cumulative solutions were prepared 
daily in commercial LC–MS Ultra-grade water (free of DBPs) at the microgram per 
litre level. Trace analysis of aldehydes in water can be affected by impurities from 
carbonyl compounds in blanks because purified water rapidly absorbs these volatile 
chemicals from the air. In our case, formaldehyde, acetaldehyde and 
propionaldehyde have been detected as interferences at ng/L levels in the ultrapure 
water obtained from a Milli-Q system. For this reason, the preparation of standard 
and reagent solutions was performed with commercial LC–MS Ultra-grade water 
(free from these aldehydes). 
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2.2. HS–GC–MS instrument 
Sample analyses were performed with an HP 6890 gas chromatograph 
(Agilent Technologies, Palo Alto, CA) equipped with an HP 5973N mass selective 
detector, operating in the electron impact ionisation (EI), coupled to an HS 
autosampler (HP 7694). The autosampler was equipped with a tray for 44 
consecutive samples, an oven capable of holding six glass vials, where the headspace 
was generated and a sampling system comprising of a stainless steel needle, a six-
port-injection valve with a 3 mL loop and two solenoid valves (for pressurisation 
and venting). The operating conditions for the HS autosampler were as follows: 
Vial equilibration time, 20 min; oven temperature, 80 ºC; vial pressurisation time, 30 
s; loop fill time, 9 s; loop temperature, 100 ºC; transfer line temperature, 110 ºC. 
Helium (6.0 grade, Air Liquid, Seville, Spain) was used both to pressurise vials and 
drive the headspace formed to the injection port of the gas chromatograph, which 
was equipped with an HP-5MS [(5%)-phenyl-(95%)-methylpolysiloxane capillary 
column (30 m × 0.25 mm i.d., 0.25 µm film thickness), J&W]. Injection was done in 
the split mode (split ratio, 1:20), with an inlet temperature of 200ºC. The 
temperature conditions were as follows: 40 ºC, held 4 min; ramped to 200 ºC at 5 
ºC/min and finally, increased to 250 ºC at 20 ºC/min and held for 1 min. Helium 
carrier gas was passed at a rate of 1.0 mL/min and a solvent delay of 7 min was 
used. The transfer line and the ion source temperatures were maintained at 250 ºC. 
Chromatographic peaks for target analytes were identified based on retention time 
and the presence of qualifying ions (Table 1). The ion that had the highest intensity 
(m/z 181) was chosen as the quantifying ion. 
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2.3. Sampling and preservation 
Drinking water samples were collected in amber glass bottles of 100 mL 
with PTFE screw caps. Prior to the sampling, 50 mg copper sulphate pentahydrate 
(to prevent the sample from microbiological decay) and 50 mg of ammonium 
sulphate (to absorb active chlorine) were added to each water bottle [32]. Finally, 
the bottles were completely filled to avoid evaporation of the volatiles compounds, 
stored at 4 ºC and analysed within 7 days after collection, following EPA 
recommendations [32]. 
For HS analysis, 10 mL of the preserved water was placed in 20 mL glass 
flat bottomed HS vials provided with 20 mm polytetrafluoroethylene (PTFE)-
silicone septa and crimped aluminium caps (Supelco, Madrid, Spain). Vials and 
septa were heated at 100 and 70 ºC, respectively, overnight prior to use. 
2.4. HS–GC–MS procedure 
Ten mL of preserved drinking water or aldehyde standards prepared in LC–
MS Ultra-grade water containing between 0.007–0.3 and 10–200 µg/L of each 
aldehyde, 50 µL of 150 g/L of PFBHA aqueous solution and 20 µg/L of 1,2-
dibromopropane were added to a 20 mL glass vial containing 5 g of anhydrous 
sodium hydrogen carbonate (saturated solution) for adjusting the pH (8.4) and the 
ionic strength. Then, a volume of 200 µL of n-hexane was added and the vial was 
immediately sealed and vortexed for 30 s for homogenisation purposes. Finally, the 
vial was placed into the autosampler then introduced in the HS oven for it 
mechanical agitation for 20 min at 80 ºC. In the next step, a helium stream carried 
the oxime-products towards the GC–MS instrument. A scheme of the whole 
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Fig. 1. Flow diagram representing the whole protocol carried out in the determination of 
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2.5. EPA Method 556.1: LLE procedure 
Liquid–liquid extraction for the determination of aliphatic and aromatic 
LMMAs in water was performed following EPA Method 556.1 [32]. Samples were 
collected in 30 mL amber glass containers with a PTFE screw cap containing 15 mg 
ammonium sulphate and 15 mg of copper sulphate pentahydrate. Then, an aliquot 
of 20 mL of sample was adjusted to pH 4 with diluted H2SO4 and the aldehydes 
were derivatised in a constant-temperature water bath at 35 ºC for 2 h by adding 15 
mg of PFBHA. After cooling at room temperature for 10 min, 2–4 drops of 
concentrated H2SO4, to prevent the extraction of excess reagent, and 4 mL of n-
hexane containing 400 µg/L of the 1,2-dibromopropane (IS) were added and the 
mixture was shaken manually for 3 min and allowed to stand for 5 min to allow the 
separation of the phases. The n-hexane layer was drawn off and transferred to a 10 
mL vial containing 3 mL of 0.1 mol/L H2SO4 to reduce the excess of reagent. 
Then, the vial was shaken for 30 s and allowed to stand for 5 min for phase 
separation; the upper n-hexane layer was drawn off and placed in a 0.1 mL conical 
glass insert inside a 2 mL amber glass GC vial containing ~10 mg of Na2SO4 to dry 
the extract. Finally, 2 µL of the extract was injected into the GC–MS instrument for 
analysis using the optimal chromatographic conditions employed in the HS–GC–
MS method. 
3. Results and discussion 
3.1. Optimisation of the derivatising reaction 
Preliminary chemical variable parameters were studied using 10 mL of 
spiked water (5 µg/L of individual LMMAs and 20 µg/L of IS) containing 7.5 mg 
of PFBHA (30 µmol) and 3 g of Na2SO4 in 20 mL glass vials. Vials were heated at 
80 ºC and mechanically agitated for 20 min in the HS oven. After derivatisation 
with PFBHA [31], two isomers, (Z)-oxime and (E)-oxime (four isomers for G and 
MG dialdehydes), can be formed for each aldehyde, so the total peak area of the 
isomers was used. 
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The sample pH was the first variable studied since it affects the oxime 
formation of the target aldehydes. Although EPA Method 556.1 [32] suggests a 
weak acid media (pH 4.0) for the derivatisation of carbonyl compounds with 
PFBHA, the influence of pH on this reaction was studied over a wide range (pH 
1.0–11.2) because, as stated in the literature, oximes can be prepared both in acidic 
or in basic medium [37–40]. No significant changes in relative peak areas were 
observed over the pH range assayed for aliphatic LMMAs, whereas for aromatic 
and dicarbonyl ones, the analytical signal significantly increased at alkaline pH 
values (see Fig. 2A). A plateau was observed between pH 8.1 and 10.2; after this, 
peak areas decreased due to a possible decomposition of the PFBHA derivatives to 
corresponding alcohols and nitriles [41]. The increase in the analytical signal at basic 
pH values can be attributed to a possible alkali-catalysed reaction of the 
hydroxylamine group of PFBHA with the aromatic and dicarbonyl aldehydes in 
which the H2NO− anion is involved [37,38]. In this case, unlike the acid-catalysed 
reaction, the rate-determining step is the base-catalysed dehydration of the 
tetrahedral intermediate formed by the nucleophilic attack of the amine group of 
PFBHA to the carbonyl group in order to form the corresponding oximes [37]. 
According to this pH dependence, two buffer solutions, namely carbonate 
and borate buffers, were tested at different concentrations to adjust the 
derivatisation sample pH in agreement with their respective pKa values. The higher 
relative peak areas were obtained when the derivatisation pH was adjusted to 8.4 by 
saturating the aqueous sample with the sodium hydrogen carbonate ampholyte (5 g 
of anhydrous sodium hydrogen carbonate per 10 mL of sample). As shown in Fig. 
2B, the presence of the hydrogen carbonate ion afforded an appreciable increasing 
in the analytical signal: 2.5- to 4.0-fold enhancements can be achieved for dicarbonyl 
and aromatic aldehydes, respectively. These improvements were more significant 
when these results were compared with those obtained when a weak acid medium 
(pH 4.0) was used for derivatising LMMAs as recommended by EPA Method 556.1 
[32]; enhancement factors up to 20-fold can be achieved by aromatic LMMAs. The 
relative peak areas for aliphatic LMMAs also increased in the presence of hydrogen 
carbonate, but to a lesser extent; about 2-fold improvement. This is in agreement 
with the higher derivatisation efficiency of these aldehydes, both at acid and alkaline 
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pH values, with respect to dicarbonyl and aromatic ones. In fact, and as stated 
above, the relative areas obtained for aliphatic aldehydes were independent over the 
pH range assayed. On this point, it is difficult to explain the origin of the 
considerable positive effect that the hydrogen carbonate ion exerts on the 
derivatisation or extraction of these aldehydes. Some data has been reported on the 
possible catalytic effect of this ion in oximation reactions [42,43]. Finally, it is 
noteworthy to mention that the saturated solution of sodium hydrogen carbonate 
used for adjusting the pH also provided suitable ionic strength for the HS 
extraction of PFBHA derivatives. Nevertheless, the effect of this variable will be 











Fig. 2. Influence of (A) pH and (B) hydrogen 
carbonate ion on the derivatisation efficiency of 
aromatic and dicarbonyl LMMAs. Error bars are 
the standard deviation for five measurements. 
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The amount of PFBHA was studied between 5 and 60 µmol by adding 50 
µL of PFBHA aqueous solutions of different concentrations per 10 mL of water 
sample. Only aliphatic aldehydes provided response ratios that were constant in the 
whole assayed concentration interval. The response ratios of the aromatic and 
dicarbonyl aldehydes increased as the concentration of PFBHA rose to 20 µmol 
above which they remained constant. This behaviour can be ascribed to a steric 
effect due to the higher size of the aromatic ring or the difficulty of the approach of 
the dicarbonyl aldehydes towards the PFBHA amine group in the derivatisation of 
the second carbonyl bond. To ensure efficiency in the derivatisation of the target 
analytes without too much excess, 50 µL of 150 g/L of PFBHA (30 µmol) per 10 
mL of water sample was chosen for further experiments. 
Finally, the yield of the derivatisation reaction of the method was evaluated 
by using the only three available commercial synthetic PFBHA derivatives of 
aldehydes namely, formaldehyde-, propionaldehyde- and valeraldehyde-PFBHA 
oxime. In this case the HS stage was avoided, so only the derivatisation process was 
evaluated. For this purpose, 10 mL of LC–MS Ultra-grade water containing the 
three analytes were derivatised at 60 ºC for 5 min and manually extracted with 1 mL 
of n-hexane. From the organic extract, 1 µL was injected into the GC–MS 
instrument and the response ratios were compared to those provided by the oxime 
standards prepared at the same concentration in n-hexane. The average yield of the 
derivatisation for the three aliphatic aldehydes was over 98% (n = 5). However, it is 
impossible to extrapolate these results to aromatic and dicarbonyl aldehydes. 
3.2. Optimisation of the HS extraction 
The partition coefficient of the analytes between the liquid and gas phase is 
affected by the ionic strength. The only HS method reported in the bibliography for 
the determination of four aliphatic aldehydes in water samples directly added 3 g 
NaCl to10 µg/L of the aldehydes because the sensitivity of the method increased 2–
3 times [29]. The study of this parameter was accomplished by adding to the sample 
solution, which contained sodium hydrogen carbonate (saturated solution) for 
adjusting the pH, three additional salts (NaCl, Na2SO4 and MgSO4) at variable 
molarities up to the saturated solution. No increase in peak areas was observed after 
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the addition of these salts, and therefore the ionic strength provided by the 
saturated sodium hydrogen carbonate (5 g NaHCO3 per 10 mL of water sample) 
was enough to achieve the best results in the HS extraction of the PFBHA oximes 
of the target aldehydes. 
The addition of an organic modifier has been reported in the literature to 
improve the extraction of some DBPs from water samples, using the HS–GC–MS 
method [44]. Therefore, n-hexane, ethyl acetate, n-pentane and methyl tert-butyl 
ether (MTBE) were tested as modifiers, using 150 µL of each modifier per 10 mL of 
water sample. Only n-hexane improved the volatilisation of all oximes providing 
efficiencies higher than about 30–50% with respect to those obtained in the absence 
of modifier (see Fig. 3). A volume of 200 µL of n-hexane was used to favour the 
volatilisation of all oxime-products per 10 mL of sample since above 180 µL the 
analytical signal remained constant. The last chemical variable studied was the 
sample volume (5–12 mL using 20 mL vials), obtaining the best relative peak areas 








Fig. 3. Effect of the selection of the chemical modifier (150 
µL) on the normalised area responses (the relative peak area 
of each aldehyde was normalised with respect to C1). 
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3.3. Static headspace variables 
The study of HS variables was carried out using 10 mL of aqueous 
standards containing 2 µg/L of individual LMMA and al reagents in 20 mL glass 
vials. Each extraction experiment was performed in quintuplicate. Vials were heated 
between 60 and 80 ºC using an equilibration time of 20 min; the loop and transfer 
line temperatures were changed accordingly. Higher temperatures were not assayed 
in order to minimise the evaporation of water and the different peak areas of the IS 
were normalised at each temperature. The results showed that higher oven 
temperature increased the analytical signal for aromatic and dicarbonyl LMMAs, 
whereas no significant changes in the relative peak areas were observed for aliphatic 
ones. Since vapour pressure decreases and increases Henry’s law constant (KH) with 
increasing of the analyte molecular weight [23], the volatility of high-molecular 
weight oxime-products (from aromatic and dicarbonyl aldehydes) appeared to be 
the main limiting factor for their extraction. As a result, the higher temperature 
assayed was selected. In order to obtain information on the time required to reach 
equilibrium, the extraction time was checked from 5 to 35 min at an oven 
temperature of 80 ºC. The results indicated that the relative peak areas increased at 
the same rate as the time increased, and a plateau was observed above 18 min for 
LMMAs oximes. Thus, 20 min was selected as the vial equilibration time for further 
experiments. Pressurisation and loop fill times were verified; pressurisation time 
between 10 and 45 s and loop fill time above 9 s caused negligible changes in the 
abundance of the signals for all oxime-products and thus, a pressurisation time of 
30 s and a loop fill time of 9 s were selected. 
3.4. Efficiency of the whole analytical process 
Overall, it is clear that the efficiency of the whole analytical process can be 
the limiting factor in the application of a method. Therefore, the extraction 
efficiency for the eleven LMMAs in water samples was calculated in quintuplicate 
by a second extraction of the remaining aqueous phase by adding fresh PFBHA and 
the modifier (n-hexane phase) in order to check the absence of LMMAs. A parallel 
set was also carried out with commercial synthetic PFBHA derivatives of C1, C3 
and C5 at the same molar concentration. The results showed that the analytical 
Capítulo 3 
 
124   
signals obtained for the derivatised five aliphatic LMMAs and for the three of their 
respective oxime standards were ~95% in the first extraction, which demonstrates 
the good efficiency provided by the proposed method. The efficiency of the whole 
analytical process for the four aromatic and two dicarbonyl aldehydes were 90% and 
80%, respectively, in the first extraction. These results can be ascribed to an 
incomplete derivatisation of aromatic and dicarbonyl aldehydes instead of a partial 
volatilisation of their oximes since, as stated above; their derivatisation is more 
difficult than that of aliphatic ones. 
3.5. Analytical performance 
Table 1 lists calibration data for the analytical method and Fig. 4A shows 
the efficient separation of the target aldehydes by using the optimal chemical and 









Fig. 4. GC–MS chromatograms (SIM mode) obtained in the analysis of 10 
mL of (A) standard solution containing 5 µg/L of each LMMA and (B) 
ozonated water sample 7 (see Table 3). Peak identification: 1, C1; 2, C2; 3, 
C3; 4, C4; 5, C5; 6, BA; 7, 3-MBA; 8, 2-EBA; 9, 2,5-DMBA; 10, G; 11, MG; 
IS, internal standard and R, PFBHA excess. 
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From the data obtained, excellent linearity (0.007–0.3 to 10–200 µg/L) was 
attained with correlation coefficients higher than 0.997. The LODs and 
quantification limits (LOQs, as the lowest concentration in the linear range) were 
calculated as 3 or 10 times, respectively, the standard deviation of background noise 
divided by the slope of each calibration graph [45]. The precision of the proposed 
method (calculated as RSD percentage) was obtained by analysing eleven replicates 
of the standard solutions spiked with 2 µg/L concentration of each aldehyde and 
expressed as intra-day and inter-day (on three different days). As can be seen in 
Table 1, the repeatability was as satisfactory as the reproducibility, ranging between 
6.4 ± 0.9% and 7.4 ± 0.9%, respectively. The HS–GC–MS method allows the 
determination of these carbonyl compounds at very low levels in water samples 
(LODs ranged from 2 to 80 ng/L). Worthy of special note is the high sensitivity for 
aliphatic aldehydes (LODs of 2–12 ng/L), which are typically encountered in 
drinking water. Here it is of interest to compare the analytical features of the 
proposed method with reported GC–MS alternatives for the determination of 
aliphatic and aromatic LMMAs in water samples (see Table 2). As can be seen, the 
determination of aliphatic aldehydes is addressed in all methods whereas only one 
method deals with the analysis of aromatic LMMAs in water samples [21]; EPA 
Method 556.1 includes only BA [32]. The derivatisation reaction with PFBHA is 
generally carried out in the aqueous phase prior to the extraction step; in-drop [26] 
and on-fibre [28] derivatisation choices do not afford significant improvement in 
the analytical features. In general, HS approaches provide better sensitivity than 
liquid–liquid ones. In this study, two reported methodologies require a more 
detailed comparison: the only HS–GC–MS method proposed for the determination 
of four aliphatic aldehydes [29] and the liquid–liquid extraction combined with the 
programme temperature vaporiser-based large volume injection–GC–MS (MLLE–
PTV–GC–MS) method developed previously by us [21]. In the first case, it is 
noteworthy to comment on the following aspects, namely: (i) average LODs using 
the proposed method are lower; (ii) the time of derivatisation and extraction in the 
HS oven is lower (20 min at 80 ◦C) when compared to the above method (60 min at 
60 ºC) [29]; and (iii) in the proposed method, a rigorous study has been tackled on 
all variables involved in the derivatisation and extraction of target analytes. 
Comparing to the MLLE–PTV–GC–MS method, the proposed one demonstrates 
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Table 2 
Comparison of the analytical features of reported PFBHA-GC methods with the present one for the determination of LMMAs in water samples 












BA, 3-MBA, 2-EBA, 2,5-DMBA 
Aqueous phase 0.0015–0.008 
0.01–0.06 
0.0007–0.001   
Tap, well and 
swimming pool 
21 
UDLLME-GC-MS C2–C4 Aqueous phase 0.16–0.23  Waste and river 22 
HS-SDME-GC-MS C2–C4  In-drop 0.08–0.32  Waste 26 
HS-SPME-GC-MS C1, C3–C5 On-fibre 0.12–0.34  Spiked 28 
HS-SPME-GC-ECD C2–C5 
G, MG 
Aqueous phase 0.04–0.07 
0.3–0.4   
Drinking 30 
HS-GC-MS C1–C4 Aqueous phase 0.3–0.5  Tap and mineral 29 
HS-GC-MS C1–C5 
G, MG 
BA, 3-MBA, 2-EBA, 2,5-DMBA 
Aqueous phase 0.002–0.01 
0.03–0.08 
0.008–0.012  
Treated water This 
work 
a The included aldehydes are the analytes studied in this work. LLE: Liquid-liquid extraction; MLLE: Micro liquid-liquid extraction; UDLLME: 
Ultrasound-assisted dispersive liquid–liquid microextraction; SDME: Single-drop microextraction; SPME: Solid-phase microextraction. 
 
some differences, namely: (i) the LODs are slightly higher than those obtained by 
MLLE–PTV–GC–MS; and (ii) the time-consuming associated with the sample 
treatment in manual micro extraction was advocated using the proposed method 
because the sample with reagents is put directly into an HS vial. It is noteworthy 
that the highest sensitivity achieved by the PTV alternative method is due to the use 
of an injection volume of 50 µL, when the usual volume is 1–2 µL in routine 
analyses. 
 
Recovery tests were carried out to evaluate the accuracy of the method. 
Known amounts of each aldehyde (1 and 5 µg/L) were added to tap water samples 
and then analysed by HS–GC–MS. The selected tap water contained some aliphatic 
LMMAs and BA and hence their native concentrations in unspiked samples were 
determined initially. The recoveries of the proposed method ranged from 97% to 
99% (n = 5) for all aldehydes, which revealed that no matrix effect was observed in 
the determination of aromatic and aliphatic LMMAs in water under these 
experimental conditions. The expanded uncertainty for the determination of each 
aldehyde was calculated following the recommendation of Eurachem/CITAC [46]. 
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The main identified uncertainty components were instrumental calibration, 
precision and matrix effects (recovery), which were calculated through the 
calibration data, the reproducibility and the recovery assays. The combined 
uncertainty, u(C), and the expanded uncertainty, U, were calculated using the 
equations:  
𝑢(𝐶) =  √𝑢(𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛)
2 +  𝑢(𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛)
2 + 𝑢(𝑚𝑎𝑡𝑟𝑖𝑥)
2   𝑈 = 𝑘 ×  𝑢(𝐶)  
where u(calibration) is the relative uncertainty of calibration, u(precision) the relative 
uncertainty of reproducibility and u(matrix) is the relative uncertainty of recovery. 
Values ranging from 13.8% for C2 to 21.8% for 2,5-DMBA (Table 1) were 
obtained for a confidence level of 95% (k = 2). As for non-certified water available, 
the proposed method was validated by comparing the recoveries obtained for the 
above tap water with those achieved by the reference EPA Method 556.1 (see 
Section 2), ranging from 97% to 98% (n = 3); and both methods provided similar 
recoveries from real water samples. As can be seen in Table 1, LODs obtained by 
EPA Method 556.1 were 175, 130 and 20 times higher for aliphatic, aromatic or 
dicarbonyl LMMAs than those achieved by the proposed HS–GC–MS method. The 
reproducibility was assessed by analysing eleven standard solutions spiked with a 10 
µg/L or 60 µg/L (for 3-MBA, 2-EBA and 2,5-DMBA) of aldehydes; the precision 
of EPA Method, with average RSD values of 7.5 ± 1.0% (intra-day) and 8.5 ± 1.0% 
(inter-day), and expanded uncertainties were similar to that provided for the 
proposed method. However, the considerable difference in sensitivity (as the slope 
of the calibration graph) between the two methods could restrict the application of 
EPA Method 556.1 for the determination of LMMAs in drinking water samples due 
to their low concentrations. 
3.6. Analysis of drinking water samples 
The HS–GC–MS method was applied to determine the eleven LMMAs in 
genuine drinking water samples that were disinfected with different treatments, 
namely: chlorination/postchlorination (samples 1–3), chlorination/ 
postchloramination (samples 4 and 5) and ozonation/postchlorination (samples 6–
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8). Samples were analysed in quintuplicate and the results listed in Table 3. Fig. 4B 
shows the GC–MS chromatogram (SIM mode) obtained from ozonated water 
sample 7. EPA Method 556.1 was only applied to determine formaldehyde (C1) in 
all water samples and acetaldehyde (C2), glyoxal (G) and methylglyoxal (MG) in 
ozonated water samples because of the low sensitivity of this method (see Table 3, 
n = 3). As could be expected, aliphatic aldehydes were the compounds present in all 
types of analysed water, whereas benzaldehyde was the only aromatic aldehyde 
found. This can be due to the fact that aromatic ones need the presence of large 
amounts of disinfectants and organic matter for their occurrence; in these water 
samples the amounts of organic matter and residual chlorine were lower than 2.8 
and 0.5 mg/L, respectively. From the results obtained using different disinfection 
treatments, the concentrations of the eight aldehydes found in ozonated water 
(samples 6–8) were the highest, with average values of 2.5 µg/L. With respect to 
treatment by chlorination or chloramination, the average concentrations of the eight 
LMMAs present were 0.8 and 1.2 µg/L; there is little difference between the two 
treatments. According to the literature, natural organic matter or pollutants in raw 
water are oxidised during ozonation, leading to the formation of by-products 
dominated by organic acids and aldehydes [47]. 
Due to the lack of sensitivity of EPA Method, a paired t-test was used to 
compare the results obtained by both methods for C1 in all waters and for C2, G 
and MG in ozonated waters. No systematic differences were found since the 
experimental t value was 0.23, being the corresponding t critical value of 2.12 (P = 
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4. Conclusions 
The high volatility of fluorine-rich PFBHA-oxime derivatives enables the 
use of the static headspace technique with an efficiency of the whole analytical 
process which ranges from 80% (dicarbonyl aldehydes) to 95% (aliphatic 
aldehydes). The analysis of the data obtained from the proposed HS–GC–MS 
method led to the following conclusions: (i) for the first time, LMMAs 
derivatisation reaction with PFBHA is carried out in an alkaline medium (pH 8.4) 
by using sodium hydrogen carbonate, which also acts as a salting-out agent; (ii) the 
hydrogen carbonate ion exerts a positive significant effect on the derivatisation 
efficiency of the target aldehydes. Enhancement factors up to 20-fold can be 
achieved for aromatic LMMAs with respect to those obtained when derivatisation 
was carried out in a weak acid medium (pH 4.0) as recommended in EPA Method 
556.1 [32]; and (iii) the addition of n-hexane aliquots favoured the volatilisation of 
all oximes; signals were increased between 30% and 50% in relation to those 
obtained without a modifier. It is expected that this approach could greatly simplify 
the determination of aldehydes in various types of water. 
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En este Capítulo se abordan los hitos 1, 3, 4 y 5 correspondientes a los 
métodos tanto de microextracción en fase líquida como sólida para determinar 
haloacetaldehídos (HAs) y halocetonas (HKs) en muestras de agua tratada, así como 
un estudio sobre la estabilidad de estos analitos en agua. Los analitos diana son 
compuestos carbonílicos halogenados volátiles que no se encuentran regulados, 
como son los HAs y HKs. Estos compuestos están despertando un gran interés 
debido a su potencial toxicidad ya que incluso a concentraciones más bajas que los 
DBPs regulados, son más tóxicos que éstos. Por lo tanto, en esta parte de la 
Memoria se incluyen los 7 HAs y 14 HKs que se pueden formar en el agua tratada.  
Los resultados satisfactorios obtenidos en el Capítulo anterior sobre el 
desarrollo de la microextracción líquida (MLLE) para LMMAs, nos llevó a aplicar 
esta técnica para otros aldehídos y cetonas halogenadas. Tanto el método 
desarrollado para HAs como para HKs se basa en la miniaturización de otro 
Método EPA (551.1) establecido para compuestos orgánicos volátiles (VOCs) 
halogenados. Se observan claras diferencias entre ambas familias de compuestos 
empezando por el extractante: acetato de etilo para los HAs y MTBE para las HKs. 
Esto se debe a la moderada polaridad de MTBE que favorece la extracción de las 
HKs bromadas. La relación de volúmenes agua/extractante (12/0.2 y 9/0.2) son 
más favorables para las HKs. La eficiencia de la extracción del método propuesto 
para los HAs y las HKs en relación a la LLE fueron superiores al 80%, siendo más 
favorable para la extracción de HKs con MTBE. El pH es crítico para ambas 
familias de compuestos, seleccionándose un pH ácido para evitar la hidrólisis básica 
de los mismos. Hay que destacar la alta sensibilidad de ambos métodos, 
alcanzándose LODs del orden de los ng/L. Ambos métodos se validaron con el 
Método EPA 551.1, propuesto para VOCs, entre los que se incluyen el 
tricloroacetaldehído (hidrato de cloral) y dos HKs (1,1-dicloroacetona y 1,1,1-





[NH4Cl, Na2S2O3, (NH4)2SO4, Na2SO3, ácido ascórbico y H2SO4] para la 
conservación de agua tratada dada las controversias bibliográficas. Ninguna de las 
sales descritas en la bibliografía para la conservación de DBPs halogenados 
proporcionó resultados satisfactorios. Por primera vez se propone para mantener 
estables estas especies halogenadas (1–2 semanas), ácido sulfúrico diluido que 
aporta además la acidez necesaria para la etapa de MLLE. Cabe resaltar que ambos 
estudios son los primeros en proporcionar información sobre los niveles de 
concentración de HAs y HKs en aguas de piscina. 
En la última parte de este Capítulo se continúa con las metodologías de 
microextracción pero en este caso en fase sólida. La técnica de microextracción en 
fase sólida (SPME) en la modalidad de espacio de cabeza presenta una serie de 
ventajas inherentes a la técnica como es la ausencia de disolventes orgánicos y en 
este caso (dada la volatilidad de las halocetonas) no es necesario el empleo de 
reactivos derivatizantes que afectan a la SPME por el daño de las fibras, como es 
conocido. Primero se llevó a cabo un estudio de fibras con diferentes polaridades, 
con vistas a elegir la más adecuada para este tipo de compuestos. La fibra de 
DVB/CAR/PDMS se seleccionó como una solución de compromiso entre analitos 
con menor y mayor volumen molecular, para la determinación simultánea de las 
HKs seleccionadas. La extracción se lleva a cabo en medio ácido en condiciones 
suaves de temperatura y tiempos cortos (15 minutos); la desorción aún es más 
rápida (2 minutos) habida cuenta de la alta volatilidad de las HKs y la temperatura 
del inyector (250 ºC). El método proporcionó LODs del orden de los ng/L con una 
alta precisión (RSD, 7%). La validación con el Método EPA 551.1, demostró las 
ventajas que presenta el método propuesto en términos de sensibilidad, simplicidad 
y no consumo de disolvente. El método desarrollado se aplicó al análisis de aguas 
procedentes de una planta de potabilización que utiliza dióxido de cloro y 
cloraminas para la desinfección, así como agua potable y de piscina. Cabe resaltar 
que en el agua de piscina se encontraron hasta 7 HKs a concentraciones más 
elevadas que en el agua potable debido a la mayor concentración de cloro residual y 
materia orgánica presente en la misma. 
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Abstract 
Haloacetaldehydes (HAs) are becoming the most widespread disinfection 
by-products (DBPs) found in drinking water, besides trihalomethanes and 
haloacetic acids, generated by the interaction of chemical disinfectants with organic 
matter naturally present in water. Because of their high potential toxicity, HAs have 
currently received a singular attention, especially trichloroacetaldehyde (chloral 
hydrate, CH), the most common and abundant compound found in treated water. 
The aims of this study are focused on the miniaturisation of EPA Method 551.1, 
including some innovations such as the use of ethyl acetate as the extracting solvent, 
the enhancement of HAs stability in aqueous solutions by adjusting the pH ~3.2 
and the use of a large-volume sample injection (30 µL) coupled to programmable 
temperature vaporizer–gas chromatography–mass spectrometry to improve the 
sensitivity. In optimised experimental conditions, the limits of detection for the 7 
HAs studied ranged from 6 to 20 ng/L. Swimming pools have recently been 
recognized as an important source of exposure to DBPs and as a result, in this 
research for the first time, HAs have been determined in this type of water. Two 
HAs have been found in the analysed water: CH at concentrations between 1.2–38 
and 53–340 µg/L and dichloroacetaldehyde between 0.07–4.0 and 1.8–23 µg/L in 
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1. Introduction 
Nowadays, more than 600 disinfection by-products (DBPs) have been 
reported in the literature, but there are only 11 of them currently regulated in the 
United States and Europe. The literature, however, reveals a growing interest in the 
study of unregulated DBPs [1–5]. Among these DBPs, haloacetaldehydes (HAs) 
have received special attention because of their high potential toxicity and also for 
being the third largest DBP class by weight [behind trihalomethanes (THMs) and 
haloacetic acids (HAAs)] of all the DBPs studied [5]. Trichloroacetaldehyde (chloral 
hydrate, CH) has been the most commonly studied, followed by 
chloroacetaldehyde, dichloroacetaldehyde and tribromoacetaldehyde, which are a 
potential concern due to their toxicity [5–7]. HAs are more toxic than well-studied 
THMs, even though their concentrations are significantly lower [4]. Despite their 
potential health effects, there is no UK or US regulatory limit for these compounds; 
the World Health Organisation suggests a 10 µg/L guideline value for CH [8]. The 
scarce data on the analysis, stability and the formation of HAs in drinking water 
have only been reported since 2006 [9,10] due to the lack of commercial chemical 
standards until early 2000s. According to EPA Method 551.1, CH can be 
determined in drinking water by liquid–liquid extraction (LLE) and gas 
chromatography–electron capture detection (GC–ECD) [11]. The most significant 
innovations in EPA Method 551.1 are related to the sample pH adjustment and the 
selection of a suitable dechlorinating agent for the determination of some DBPs 
[9,10]. On the other hand, this method uses methyl tert-butyl ether as extractant and, 
like other traditional LLE methods, it is time-consuming and requires a large 
amount of organic solvents. To overcome such problems, recent research activities 
have focused on the development of miniaturised sample preparation techniques 
such as solid-phase microextraction (SPME) [12] and liquid-phase microextraction 
(LPME) [13,14]. Thus, LPME has been used for the determination of THMs and 
more recently for HAAs [15] and halonitromethanes [16] but never for HAs; 
therefore, in order to find precedents applying LPME methods to aldehydes, we 
have to refer to non-halogenated aldehydes. Acetaldehyde, propanal, butanal, 
hexanal and heptanal have been determined in water by GC–mass spectrometry 
(GC–MS) and headspace single-drop microextraction (HS-SDME) with indrop 
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derivatisation [17]; more recently, Xu et al. [18,19] have developed LPME methods 
for the determination of hexanal and heptanal as biomarkers in human blood by 
liquid chromatography after derivatisation. Simultaneous derivatisation/SPME 
extraction has also been applied to the determination of a wide range of aldehydes 
(saturated/unsaturated aliphatic, aromatic aldehydes, including hydroxylated species, 
and dialdehydes) in aqueous particulate matter extracts [20]. Despite its popularity 
and advantages, SPME has such limitations as poor inter-fibre reproducibility, the 
signal drift with wear of fibre and the high cost of fibres [21]. Nevertheless, SDME 
is a cheap, miniaturised ready-to-use technique and, when used by experienced 
personnel, exhibits unique analytical features; in all proposed procedures for non-
halogenated aldehydes, drastic extraction conditions are required (~30 min at 40–80 
ºC), which are closely related to the low recoveries achieved.  
Programmable temperature vaporizer (PTV)-based large-volume injection 
(LVI) is an effective tool for enhancing limits of detection (LODs) in GC by one to 
two orders of magnitude over conventional splitless injection technique, providing 
additional advantages for trace analysis of later eluting solutes with boiling points 
approximately 100 ºC higher than the solvent, and for samples with a dirty matrix. 
Another advantage of PTV compared to a conventional GC splitless injection 
technique is that the sample is not introduced into a hot oxidative environment, but 
instead into a cool system followed by an increasing temperature ramp to minimise 
the thermal decomposition of labile analytes. Only one application of the PTV 
technique for aldehydes has been reported so far, which is related to the 
determination of pentafluorobenzyl derivatives of odour-active aldehydes by GC–
ECD or GC–MS in wine [22].  
EPA Method 551.1 and its reported adaptations for the determination of 
halogenated aldehydes in drinking water have mainly been focused on general 
purposes, such as studying the stability and fate of halogenated acetaldehydes at 
variable pH and temperature conditions [9], to get information on the seasonal and 
spatial variations of these compounds [10] and to evaluate the formation of CH 
with different doses of chlorine in drinking water [23]; the reported LODs for the 7 
HAs ranged from 0.03 to 0.14 µg/L [9,10] and 0.1 g/L for CH [23]. In the present 
study, a micro liquid–liquid extraction (MLLE) technique is tackled as a tool to 
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enable not only the miniaturisation of EPA Method 551.1 but also the modification 
of the LLE protocol, aimed at reducing the consumption of organic solvent as 
much as possible while ensuring a convenient, exhaustive and simple operation. 
This MLLE technique provides greater advantages than other miniaturised LLE 
techniques such as single-drop and fibre extraction ones; the organic extract (~30 
µL) can be analysed easily with a high degree of sensitivity by PTV-based LVI using 
GC–MS. The proposed approach constitutes the first miniaturisation method for 
the determination of the whole array of the 7 HAs in water because some of them 
have only recently become commercially available, so a rigorous study of all the 
parameters involved in their determination is mandatory. 
2. Experimental 
2.1. Chemicals and standard solutions 
Bromochloroacetaldehyde (BCA, 80–85%), bromodichloroacetaldehyde 
BDCA, 90–95%), dibromoacetaldehyde (DBA, 90–95%) and dibromochloro- 
acetaldehyde (DBCA, 90–95%) standards were supplied by Orchid Cellmark (New 
Westminster, Canada) while chloral hydrate (CH, 98%) and dichloroacetaldehyde 
(DCA, 90%) were purchased from TCI Europe (Zwijndrecht, Belgium). 
Tribromoacetaldehyde (TBA, 97%) and the internal standard (IS), 1,2-
dibromopropane, were supplied from Sigma–Aldrich (Madrid, Spain). The solvents, 
2-octanone, toluene and n-hexane, were purchased from Sigma–Aldrich and ethyl 
acetate, methyl tert-butyl ether (MTBE) and sulphuric acid were supplied from 
Merck (Darmstadt, Germany). All solvents were of analytical grade or better. 
Sulphate salts of potassium, anhydrous sodium, anhydrous magnesium and 
ammonium, sodium chloride, sodium sulphite and L-ascorbic acid (dechlorinating 
agent) were purchased from Panreac (Barcelona, Spain). Stock standard solutions 
containing 1 g/L of individual haloacetaldehyde and cumulative solutions (0.1 g/L) 
were prepared in ethyl acetate and stored frozen in amber glass vials at −20 ºC. 
More dilute cumulative solutions were prepared daily in mineral water (free of 
DBPs) at the microgram per litre level. 
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2.2. PTV–GC–MS instrumentation 
The experimental setup for the PTV–GC–MS determination of HAs 
consisted of an HP 7890A gas chromatography (Agilent Technologies, Palo Alto, 
CA, USA) equipped with an HP 5975C mass selective detector, with Triple-Axis 
Detector. The GC column was an HP-5MS of 30 m × 0.25 mm × 0.25 µm coated 
with a stationary phase of 5%-phenyl–95%-methylpolysiloxane supplied by Agilent. 
The GC oven temperature program was: 40 ºC, held 4 min; ramped to 50 ºC at 1 
ºC/min and held 0 min, then increased to 100 ºC at 10 ºC/min and held 0 min, and 
finally, increased at 50 ºC/min up to 200 ºC and held for 2 min. The 
chromatographic run was completed in 23 min. The carrier gas was helium with a 
flow rate at 1.2 mL/min (6.0 grade purity, Air Liquid, Seville, Spain). An Agilent 
programmable temperature vaporisation inlet (G2619A Septum-less Head), with 
PTV liner (Part No. 5183-2041), was applied as the sample injector. In the injection 
step, the initial temperature of the injector was set at 45 ºC and 30 µL of the sample 
were introduced into a multi-notch deactivated liner. Vent flow was adjusted at 60 
mL/min (pressure, 0 psi) and the purge time set at 0.01 min. The initial temperature 
of the liner was maintained for 0.01 min as a safety mechanism so that the heating 
ramp would start once the split valve closed. Once venting had finished, the split 
valve was closed and the liner of the PTV flash-heated at 250 ºC/min up to 200 ºC; 
thus the analytes were transferred from the liner to the capillary column. Then, the 
split valve was opened and the liner temperature kept at 200 ºC to clean it for the 
next run (purge flow, 60 mL/min at 1 min). The mass spectrometer was operated in 
electron impact (EI) mode using an ionization voltage of 70 eV and the m/z range, 
in the scan mode, was from 47 to 174 amu. The transfer line and ion source 
temperatures were 200 and 250 ºC, respectively. A solvent delay of 13 min was 
established, during which the filament was turned off to protect it from the arrival 
of the solvent. Optimisation experiments were conducted in total ion 
chromatography (TIC) mode at 3.5 scans/s. Table 1 shows the ions selected in SIM 
mode to identify and quantify the HAs; m/z values for 1,2-dibromopropane (IS) 
were: 42, 121 (base peak), 123. 
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2.3. Sampling procedure 
Water samples were collected in pre-cleaned amber glass bottles of 125 mL 
with poly(tetrafluoroethylene) screw caps. The amber glass bottles were cleaned as 
follows: initially they were ultrasonicated with water, washed with hot water and 
detergent and then thoroughly rinsed with mineral water. Then, they were rinsed 
with HPLC grade ethanol during 15 min and dried in an oven at 100 ºC for 1 h. To 
prevent any contamination, they were stored in an inverted position on a cleaned 
and closed box. Water samples were adjusted at pH 3.0–3.5 by adding 300 µL of 0.1 
mol/L H2SO4, and filled without headspace to avoid evaporation of volatile 
compounds. In this acidic medium, a dechlorinating agent for residual chlorine was 
not necessary and the HA concentrations remained constant in the water samples 
for 14 days at 4 ºC. For analysis, 9 mL of water sample (prepared as described later) 
was placed in 10 mL glass vials. 
2.4. MLLE procedure 
Nine millilitres of real water sample (pH 3.0–3.5) or mineral water (adjusted 
at pH ~3.2 by adding 25 µL of 0.1 mol/L H2SO4) containing between 0.02–0.07 and 
50 µg/L of each HA and 2 µg/L of IS were placed in 10 mL glass vials. Then, 200 
µL of ethyl acetate and 3 g of Na2SO4 were added and the vial was closed 
immediately with a screw cap equipped with a silicon septum and vortexed for 1 
min to favour the extraction process. After extraction, the vial was decanted for 2 
min and then ~60 µL of the upper ethyl acetate layer was transferred to a conical 
glass insert (0.1 mL) inside a 2-mL amber glass GC vial containing ~10 mg of 
Na2SO4 to dry the extract. Finally 30 µL (~volume of the dried extract) were 
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2.5. EPA Method 551.1 procedure 
The LLE protocol for the determination of HAs in water was that reported 
by EPA Method 551.1 for the determination of halogenated VOCs [11]. Samples 
were collected in 62 mL amber bottles with a poly(tetrafluoroethylene) screw cap 
without headspace to avoid evaporation of VOCs. A 12 mL aliquot was withdrawn 
from the sample bottle and discarded and the pH was adjusted at 4.5–5.5 with 
diluted H2SO4. Fifty microliters of a 10 mg/L standard solution of IS, 3 mL of 
extracting solvent (MTBE), 20 g of Na2SO4 and 1 g of copper sulphate were added 
to the remaining sample (50 mL) and the vial was stirred for 4 min; once the HAs 
were extracted, the vial was left to stand for 2 min in order to separate the two 
phases. Then, 1 mL of the upper MTBE layer was transferred to a 2 mL glass vial 
and 0.1 g of Na2SO4 was added to dry the extract. Finally 30 µL of the extract was 
injected into the PTV–GC–MS instrument. 
3. Results and discussion 
A MLLE method using the lowest organic solvent volume (at mL levels) 
was combined with LVI coupled to the PTV–GC–MS technique to respond to the 
continual increased detection sensitivity for HA compounds. The variables 
implicated in this determination were studied using the 7 HAs since no reference 
about this study had been found in the literature to date.  
3.1. Optimisation of LVI using PTV–GC–MS technique 
The PTV inlet configuration has a great effect on the analytical performance 
of the present methodology, so all the involved instrumental variables were studied 
carefully in order to obtain the highest sensitivity for the 7 HAs. For this study, 10 
µL of a standard solution containing 10 µg/mL of the 7 HAs and 2 µg/mL of the 
IS in ethyl acetate were injected into the instrument. The first variable studied was 
the initial inlet temperature (or trapping temperature). If the sample is introduced 
into a hot inlet (viz. 60 ºC) some analytes were vaporised and swept out of the inlet 
immediately resulting in a loss of sensitivity, whereas at temperatures lower than 45 
ºC, the time necessary to cool the liner increased considerably (e.g. 20 min for 35 ºC 
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and 10 min for 45 ºC). Accordingly, an initial inlet temperature of 45 ºC was 
selected, because the analysis time is not excessively prolonged and the peak areas 
for the 7 HAs increased 40–45% in relation to 60 ºC. The volume of the sample 
injected exerts a remarkable effect on the analytical signal when using the LVI-PTV 
technique: it typically ranges from 20 to 50 µL. Thus, relative peak areas increased 
as the injection volume did (see Fig. 1) except for DCA and CH, whose peak areas 
remained practically unchanged for injection volumes above 30 µL. This behaviour 
can be ascribed to the higher volatility of these aldehydes, which were swept out of 
the liner together with the solvent as the injection volume increased; the optimal 
sample injection volume was 30 µL.  
 
Fig. 1. Effect of the injected sample volume on the PTV-based 
LVI coupled to GC–MS technique. Sample, 10 µg/mL of each 
HA in ethyl acetate. 
 
The effect of the multiple injection mode was also studied by injecting 
aliquots of 5 or 10 µL to complete the volume of 30 µL; in all cases the most 
volatile HAs (DCA and CH) were again swept out of the liner with ethyl acetate and 
therefore the multiple injection mode was discarded for further experiments. The 
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influence of the inlet temperature program was assayed with temperature ramps 
between 100 and 500 ºC/min and the best analytical signal for all HAs was achieved 
with an inlet ramp rate set at 250 ºC/min. When the vent flow was too low, a small 
amount of the solvent can remain in the liner whereas at high flow values some 
analytes can sweep out of the liner. As a result, the effect of the flow vent was 
studied between 20 and 100 mL/min, and the best results were obtained at 60 
mL/min for 0.01 min. Finally column pressures between 7 and 12 psi were studied. 
The analytical signals increased as the initial pressure did since the possibility of the 
amount of analyte vented out of the system decreased; however, above 12 psi, the 
intensity responses for all HAs decreased because an overly high gas pressure in the 
PTV inlet made them suffer a loss. Thus, the column pressure was set at 10 psi (1.2 
mL/min of helium flow). 
3.2. Choice of extraction solvent 
The most important step in the optimisation of a MLLE method is the 
selection of a suitable extraction solvent, which must fulfil the following features: (i) 
good affinity for target analytes, (ii) low solubility in water to prevent its miscibility 
into the aqueous phase and (iii) lower density than water; in addition, compatibility 
with its direct injection into the PTV–GC–MS system in the present study. On the 
basis of these considerations, 2-octanone, toluene, n-hexane, ethyl acetate and 
MTBE were tested as extraction solvents. An IS was also used in order to correct 
the uncertainty associated with the partial dissolution of the organic solvent in the 
aqueous phase to compare correctly the extraction efficiency obtained for each 
solvent. Sodium sulphate was used as salting-out salt since it is recommended in 
EPA Method 551.1 for the determination of halogenated VOCs [11]. In preliminary 
experiments, each extraction was carried out at room temperature using 9 mL of 
spiked mineral water samples at a concentration of 10 µg/L of the 7 HAs and 2 
µg/L of IS in 10 mL vials, followed by the addition of 0.3 mL of each extraction 
solvent and 3.5 g of Na2SO4. The vial was recapped and shaken manually for 4 min 
and left to stand for another 2 min in order to separate the two phases. Afterwards 
60 µL of the supernatant organic phase were transferred to a conical glass insert (0.1 
mL) inside a 2 mL amber glass GC vial containing 10 mg of Na2SO4 to dry the 
extract, and finally an aliquot of 30 µL was injected into the PTV–GC–MS 
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instrument working at the optimal conditions established above. Each extraction 
was repeated in triplicate. In agreement with the polarity of the target analytes, 
MTBE and ethyl acetate (the most polar extraction solvents tested) provided the 
best extraction efficiencies, whereas 2-octanone, toluene and n-hexane gave poorer 
results (see Fig. 2). The extraction efficiency decreased about 60% for CH and 
DCA (the most volatile HAs) if MTBE was used instead of ethyl acetate as 
extraction solvent because these aldehydes were swept out of the liner with the 
solvent due to its low boiling point; for the other HAs the extraction efficiency also 
decreased: ~15% for TBA and CDBA and ~30% for DBA, BDCA and BCA. So, 
ethyl acetate was selected as the extraction solvent since it provided better 
extraction efficiency than MTBE for all HAs; in addition, this extraction solvent is 











Fig. 2. Influence of extracting agent on the MLLE method. 
Sample, 9 mL of mineral water spiked with 10 µg/L of the 7 
HAs; extractant volume, 300 µL. 
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The effect of ethyl acetate volume (100–300 µL) on the extraction efficiency 
was also studied because this variable is closely related to the enrichment factor. 
Although the relative peak area increased as the solvent volume decreased, for 
volumes lower than 200 µL the supernatant organic phase was difficult to collect 
and therefore the reproducibility in aspirated volumes was lower. From these 
results, 200 µL of ethyl acetate was selected to extract the 7 HAs from 9 mL of an 
aqueous solution. Finally and considering that EPA Method 551.1 [11] suggests the 
use of copper sulphate in order to favour the visualization of the separation of the 
two phases, its possible effect on the proposed MLLE method was also studied. 
Different behaviour was observed since the addition of this coloured salt made it 
difficult to visualise the interface (ethyl acetate was used instead of MTBE), and 
therefore it was not used. 
3.3. Sample pH and salting-out effect 
The sample pH is a key chemical variable in the optimisation of a LLE 
method. However, no data have so far been reported in the literature about the 
effect of sample pH on the LLE of the 7 HAs under study. The only 
documentation is related to studies on the stability of these DBPs in water at 
different pH values (4.5, 7.0 and 8.2) and temperatures (4 and 22 ºC) in order to 
establish a sampling protocol for their accurate determination in water samples. The 
recommended procedure entailed the pH adjustment at 4.5 and storage at a cold 
temperature (4 ºC) to avoid the possible degradation of some HAs (especially 
trihaloacetaldehydes) to the corresponding THMs within 24 h storage at typical 
drinking water pH (7.0–8.2) [9]. As a result, the first chemical variable studied was 
the influence of the sample pH on the extraction of the 7 HAs in ethyl acetate. The 
sample pH was adjusted from 7.6 (pH value directly provided by the aqueous 
phase) to acidic values by adding a few drops of diluted sulphuric acid solutions 
(hydrochloric acid was discarded as it contains chlorine and the analytes are 
halogenated compounds and HNO3 due to its oxidant character) [16]. Because all 
halogenated aldehydes were effectively extracted in the pH range 2.8–7.6, the 
aqueous sample pH was adjusted by adding 25 µL of 0.1 mol/L H2SO4 per 9 mL of 
sample (pH ~3.2) in order to minimise sample manipulation. 
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The extraction efficiency was also closely related to the ionic 
strength of the aqueous phase [16]. Usually, depending on the solubility of 
the target analytes, the extraction of the more polar ones was enhanced by 
adding salt to this phase. In this study different types of salts with similar 
[Na2SO4, (NH4)2SO4 and K2SO4] or different (MgSO4 and NaCl) 
stoichiometry were assayed as salting-out agents. As the volume of the 
extractant was very low in the proposed MLLE method, the salting-out 
effect only took place if the salt was added at the end of the LLE process, as 
happens in the modified EPA Method 551.1 (NaCl was added after MTBE) 
[9]. The type of salt exerted a significant influence on the separation of the 
two phases; thus, in the presence of K2SO4 or NaCl at concentrations of 2.7 
and 7.9 mol/L, respectively in the aqueous phase (similar ionic strength), the 
interface cannot be visualised, as occurred when no salt was added. The 
results obtained when adding Na2SO4, MgSO4 and (NH4)2SO4 at 









Fig. 3. Effect of salting-out salts on the MLLE method (HAs, 10 µg/L; 
ethyl acetate, 200 µL). Error bars are the standard deviation for three 
measurements. 
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If MgSO4 was used as salting-out agent, brominated acetaldehydes were 
partially degraded in their corresponding THMs: TBA and DBA in 
tribromomethane and DBCA, CDBA and BCA in dibromochloromethane. This 
behaviour can be assigned to the fact that anhydrous MgSO4 heated the aqueous 
solution due to its exothermic hydration; in one sense, this heat generation aids the 
extraction speed or efficiency of HAs while, on the other hand, too much heat may 
lead to a degradation of the target analytes. Na2SO4 was the best choice as it 
provided the highest extraction efficiency without degradation of the aldehydes, 
whereas when (NH4)2SO4 was used, the analytical results decreased slightly due to 
the lower hydration ability of the ammonium ion. In order to study the effect of the 
ionic strength of the aqueous phase on the LLE process, the Na2SO4 concentration 
was varied between 1.6 and 3.9 mol/L. By increasing the concentration of salt, the 
analytical signals for the 7 HAs also increased up to 2.3 mol/L, remaining constant 
above this value. For further experiments, 3 g of salt per 9 mL of sample (2.3 
mol/L of Na2SO4) were selected. 
3.4. Influence of agitation conditions 
In MLLE, the type of agitation, namely a manual, vortex, magnetic or 
ultrasonic stirrer, as well as the stirring speed have a direct influence on 
microextraction efficiency. As can be seen in Fig. 4, the best results were obtained 
for manual or vortex agitation by using 1 min as the extraction time; the relative 
peak areas obtained by magnetic or ultrasonic agitation were ~20 or 10% of those 
provided by vortex or manual agitation (1 min was also used as extraction time), 
probably because the salting-out agent was not completely dissolved. In addition, it 
can be assumed that apart from the efficiency of extraction, manual operation 
causes higher uncertainty in the results than vortex agitation. An optimum 
extraction time is the minimum time necessary to achieve equilibrium between the 
aqueous and the organic phases so that the extraction of the analytes, and the 
sensitivity and speed of the extraction are maximised. The effect of the extraction 
time was examined over the range 1–4 min by using vortex agitation, and the results 
showed that relative peak areas did not increase with an increase in extraction time; 
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as a result the extraction equilibrium was achieved very quickly which shortened the 
extraction procedure time to 1 min. 
 
Fig. 4. Influence of the type of agitation on the microextraction 
efficiency at 1 min of stirring. Error bars are the standard deviation 
for three measurements. Experimental conditions as in Fig. 3. 
 
3.5. Efficiency of the MLLE process 
In the proposed micro LLE method, a very small volume of organic phase 
was used when compared with the aqueous phase, and therefore exhaustive 
extraction will probably not be reached. In this way, the efficiency of the extraction 
process was evaluated by using an aqueous solution containing 10 µg/L of each HA 
at the optimal conditions established. In this experiment, three consecutive 
extractions of the same sample were carried out with fresh aliquots of 200 µL of 
ethyl acetate. The average relative extraction yield was calculated in quintuplicate by 
using a normalization method in which the sum of the analytical signals obtained in 
the three sequential extractions was assigned a value of 100%. From these results, 
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75 ± 4% and 25 ± 2% of the 7 HAs were extracted in the first and second 
extraction, respectively, whereas in the third extraction the results were negligible. 
The following study was focused on the comparison of the average yield for 
the MLLE method and for the traditional LLE process. First, 1 mL of a mineral 
water solution containing 0.5 µg/mL of each HAs and 0.5 µg/mL of the IS in 2.3 
mol/L Na2SO4 at pH ~3.2 was extracted with 1 mL of ethyl acetate in triplicate; the 
extraction efficiency for the manual LLE method was calculated through calibration 
curves constructed with standards prepared directly in ethyl acetate. The average 
efficiency for manual extraction after 5 min of extraction time was 93 ± 5%; the 
other fractions of analytes, 7.5 ± 0.6%, were extracted in the second extraction 
from the remaining aqueous phase. The extraction efficiency of the MLLE method 
related to the LLE one was ~80%, which is very favourable taking into account the 
lowest organic/aqueous phase ratios employed in the miniaturised proposed 
method. The pre-concentration factor of the proposed method was 35 that makes it 
more sensitive than the conventional EPA Method 551.1 procedure (pre-
concentration factor 17) with a minimum consumption of organic solvent. 
3.6. Method performance and validation 
Analytical characteristics (obtained under optimum conditions) of the 
effective MLLE coupled with LVI-PTV in the GC–MS method in terms of 
linearity, precision (as relative standard deviation, RSD), LOD and limit of 
quantification (LOQ) were studied to evaluate the performance of the proposed 
method in the analysis of water samples. Table 1 summarises the analytical 
characteristics for the 7 HAs selected through the use of both the proposed MLLE 
method and EPA Method 551.1. Calibration curves were obtained from HA 
standards spiked in mineral water plus the IS (20 µg/L) and by plotting the analyte 
to the IS peak area against the analyte concentration. Calibration curves showed a 
wide linear range (from 0.02–0.07 to 50 µg/L) with correlation coefficients (r) 
greater than 0.996. LODs and LOQs were calculated as the lowest concentration of 
the analyte in a sample that provides a chromatographic signal 3 or 10 times higher, 
respectively, than background noise [24]. As can be seen in Table 1, the proposed 
method allows the determination of the 7 HAs at ultratrace levels (ng/L) in water 
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samples, so the calculated LODs ranged from 6 (CH) to 20 (BCA and CDBA) 
ng/L. The method provides enough sensitivity to determine CH (the HA that is 
most frequently detected in water) at the lowest concentrations found in treated 
water. The precision of the method was determined by analysing 11 mineral water 
samples spiked with 0.5 µg/L of each HA and followed by calculating the intra- and 
inter-day RSD. As can be seen in Table 1, the intra- and inter-day variability of the 
method has average values of 5.8 ± 0.4% and 6.8 ± 0.3%, respectively.  
The currently proposed MLLE method was validated with EPA Method 
551.1 using the procedure described in Section 2. The development of EPA 
Method 551.1 in this study uses GC–MS and therefore is not so sensitive as the 
original based on GC–ECD [11] because ECD provides higher sensitivity for 
halogenated compounds; thus the LOD value reported for CH by GC–ECD (0.011 
µg/L) was lower than that obtained by GC–MS. RSD by EPA Method 551.1 was 
evaluated by analysing 11 mineral water samples spiked with a concentration of 5 
µg/L of each HA, and the obtained values ranged from 5.6 ± 0.4% (intra-day) to 
6.3 ± 0.4% (inter-day), which were similar to those provided by the proposed 
MLLE method. Both methods gave similar precision but higher sensitivity (as slope 
of the calibration graphs) was achieved by the proposed method; in addition, the 
average LODs was 0.013 ± 0.005 µg/L for this method in contrast to 0.20 ± 0.06 
µg/L for EPA Method 551.1. The specific uncertainty of the MLLE method was 
calculated taking into account the preparation of the standards (12 samples 
containing 0.5 µg/L of the 7 HAs), their storage at 4 ºC for 14 days, the application 
of the MLLE technique and the analysis by PTV-based LVI in GC–MS. The 
uncertainty of each HA for the whole process was calculated on the basis of the 
equation U = t × s/ √ n (where U is the uncertainty, t the statistical parameter, s the 
standard deviation and n is the number of measurements) [25]. Table 1 summarises 
the specific uncertainty for each haloacetaldehyde for a probability imposed at a 
95% confidence level (coverage factor, K, is 2). 
The recoveries of both methods were calculated by using a tap water 
fortified at two different concentrations of each HA (5 and 40 µg/L) in 
quintuplicate. The selected tap water contained CH and therefore the native 
concentration in the unspiked sample was initially determined. The recoveries of the 
Aldehídos y cetonas halogenadas. Aplicación a agua tratada 
 
 159  
proposed method ranged from 95 to 98% for all HAs at the two spiked levels, while 
those for EPA Method 551.1 were between 96 and 98% at low and high 
concentration levels, respectively. These results revealed that no matrix effect was 
observed in the determination of the HAs in treated water samples under these 
experimental conditions. 
Finally, as shown in Fig. 5 all HAs can be efficiently separated by using the 









Fig. 5. GC–MS total ion chromatogram obtained from the analysis 
of a standard solution containing 10 µg/L of each HA. Peak 
identification: 1, DCA; 2, CH; 3, BCA; 4, DBA; 5, BDCA; 6, CDBA; 
and 7, TBA. 
3.7. Analysis of treated water 
There are some controversies about the dechlorinating agent used for the 
determination of HAs, mainly CH, in water in the reported EPA Method 
modifications. Thus, the original EPA Method 551.1 recommends Na2SO3 as the 
dechlorinating agent [11] while other modifications propose ascorbic acid without 
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[26] or with sample pH adjustment at 4.5 [9]. In order to establish the best 
preservation conditions for the 7 HAs in water, several experiments were carried 
out using tap water spiked with 5 µg/L of each HA and 0.1 mol/L of each 
quenching reagent (Na2SO3 and ascorbic acid) in 125 mL amber glass bottles, which 
were refrigerated at 4 ºC for 2 h. Because the tap water contained CH at a detectable 
level, its concentration in the spiked sample was quantified and compared with that 
calculated as the sum of the native and spiked concentrations. After 2 h, brominated 
HAs were degraded in the presence of Na2SO3 and remained stable with ascorbic 
acid. The aim of the following experiments was to study the effect of the sample 
pH adjustment and/or the addition of the dechlorinating agent in order to preserve 
HAs stability during water sample storage. For this purpose, tap water samples 
(collected in 4 different 60 mL amber glass bottles) were fortified with 5 µg/L of 
each HA and their pH adjusted at 3.0–3.5 with: (1) ascorbic acid (~100 mg), (2) 
diluted sulphuric acid after the addition of 0.1 mL 0.114 mol/L ascorbic acid (~2 
mg) [9] and (3) diluted sulphuric acid; in addition, a tap water sample (experiment 4) 
at its original pH (7.0–7.6) was also assayed, and finally all samples were refrigerated 
at 4 ºC. Each sample was analysed by the MLLE method in triplicate at intervals of 
hours on the first day, and of days until two weeks. After 4 days of storage at the 
original pH of the water sample (experiment 4), the analytical signal decreased by a 
factor of ~20–40% and 75–90% for chlorinated and brominated HAs, respectively, 
except for TBA which was totally degraded to tribromomethane. Similar results 
were obtained when only ascorbic acid was employed (experiment 1), although a 
minor degradation of the HAs was observed. The best results were provided by 
experiments 2 and 3, which demonstrated that the adjustment of the sample pH in 
an acid medium (pH 3.0–3.5) did not require the addition of a dechlorinating agent 
(ascorbic acid). As a result, only the acidification of the sample at the time of 
collection is recommended in order to preserve HAs stability during storage at 4 ºC. 
From these results and taking into account that the extraction of the target 
compounds from water samples with ethyl acetate required a sample pH of ~3.2, 
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Besides THMs and HAAs, HAs are the next most prevalent DBPs formed 
in treated water. Recent studies examining the potential formation of CH under 
different oxidation conditions have shown that this HA is primarily a chlorine or 
chloramine DBP, but the use of preozonation prior to chlorination or 
chloramination can increase its formation. The most abundant HAs were CH and 
DCA, which were found at concentrations between 1.7 and 11 µg/L (CH) and up 
to 16 µg/L (DCA) in drinking water [5]. In order to verify the effectiveness of the 
proposed MLLE method in the application of interest, 22 treated water samples 
(tap and swimming pool) were analysed. Initially, each sample (9 mL) was analysed 
by using the MLLE method described; when the results exceeded the highest 
concentration of the linear range studied (see Table 1) the sample volume was 
diluted with mineral water at ratios from 1:1 to 1:10 (swimming pool water). As can 
be seen in Table 2, the samples analysed were found to contain only two of the 7 
HAs studied: DCA and CH. Brominated HAs were undetected in the water samples 
because they probably contained low bromide ion concentration. Table 2 also lists 
the results obtained by EPA Method 551.1. The two methods provided similar 
results, although DCA was undetected in some water samples by EPA Method 
551.1, which corroborated the good performance of the proposed MLLE method. 
As can be expected, DCA was found at lower concentrations than those for CH: at 
concentrations 0.07–4.0 µg/L and 1.8–23 µg/L in tap and pool waters, respectively, 
whereas those for CH ranged from 1.2–38 µg/L to 53–340 µg/L in tap and pool 
waters, respectively. Organic materials of various forms (perspiration, mucus, hair, 
lotion, etc.) are released into swimming pool water by swimmers and DBPs, such as 
DCA and CH, resulting from the chlorination process may reach higher 
concentrations than those normally found in drinking water. In spite of that, HA 
levels in swimming pool water have not been studied to date. Fig. 6 shows the GC–












Analysis of chlorinated water samples by the proposed MLLE and the reference EPA 
551.1 methods (n = 5). 
Water sample Concentration found ± standard deviation (μg/L) 
  DCA     CH    
 MLLE EPA 551.1  MLLE EPA 551.1 
Tap 1 0.07 ± 0.01   < 0.2  1.7 ± 0.1   2.0 ± 0.1 
Tap 2 < 0.01   < 0.2  3.9 ± 0.3   4.1 ± 0.3 
Tap 3 0.2 ± 0.1   < 0.2  1.9 ± 0.1   1.7 ± 0.1 
Tap 4 0.9 ± 0.1   1.2 ± 0.1  17 ± 1   19 ± 1 
Tap 5 0.1 ± 0.1   < 0.2  26 ± 2   31 ± 2 
Tap 6 0.2 ± 0.1   < 0.2  11 ± 1   9 ± 1 
Tap 7 0.5 ± 0.1   < 0.7  20 ± 1   17 ± 1 
Tap 8 3.7 ± 0.3   3.6 ± 0.3  13 ± 1   11 ± 1 
Tap 9 3.0 ± 0.2   3.3 ± 0.2  30 ± 2   31 ± 2 
Tap 10 4.0 ± 0.3   3.7 ± 0.3  38 ± 3   37 ± 3 
Tap 11 3.2 ± 0.2   2.9 ± 0.2  1.4 ± 0.1    1.2 ± 0.1 
Tap 12 0.6 ± 0.1   < 0.7  7.0 ± 0.5   6.5 ± 0.4 
Tap 13 0.9 ± 0.1   1.1 ± 0.1  1.2 ± 0.1   1.5 ± 0.1 
Swimming pool 1 8.4 ± 0.6   8.1 ± 0.6  85 ± 6   83 ± 5 
Swimming pool 2 1.8 ± 0.1   1.6 ± 0.1  76 ± 5    75 ± 5 
Swimming pool 3 3.6 ± 0.3   3.9 ± 0.3  53 ± 4   55 ± 4 
Swimming pool 4 4.4 ± 0.3   5.0 ± 0.4  75 ± 5   77 ± 5 
Swimming pool 5 8.6 ± 0.6   8.9 ± 0.6  340 ± 21   355 ± 22 
Swimming pool 6 3.8 ± 0.3   3.9 ± 0.3  92 ± 6   95 ± 6 
Swimming pool 7 20 ± 1   22 ± 1  113 ± 7   116 ± 7 
Swimming pool 8 23 ± 1   22 ± 1  295 ± 19   290 ± 18 
Swimming pool 9 23 ± 1   20 ± 1  327 ± 21   322 ± 20 
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Fig. 6. PTV–GC–MS chromatogram (SIM mode) obtained in 
the analysis of 9 mL of the swimming pool water 7 by MLLE 
method. Peak identification: 1, trichloromethane, m/z values: 
47, 83 (base peak), 85; 2, DCA; 3, CH; and 4, 
chlorodibromomethane, m/z values: 79, 127, 129 (base peak). 
4. Concluding remarks 
For the first time a simple miniaturised method (MLLE) has been developed 
for the rapid determination of HAs in treated water. The process can be 
summarised as follows: (i) miniaturisation and adaptation of EPA Method 551.1 by 
including also several advantages with respect to the traditional LLE method such 
as minimal consumption of solvents and salts and a higher pre-concentration factor; 
(ii) decrease in the extraction time and minimal manipulations; (iii) selection of ethyl 
acetate as the extraction agent which is more compatible than MTBE with GC–MS 
instrument; (iv) in the proposed MLLE method, all extract (30 µL) was injected into 
the instrument without significant residues; and (v) the acidification of the sample at 
the time of collection is required in order to preserve HAs stability during storage at 
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4 ºC, which also favoured the extraction of the HAs. From the whole study, it can 
easily be concluded that the developed method presents adequate analytical features 
to determine HAs in treated water, providing reliable results. In comparison to 
previous research, the LODs provided by the proposed MLLE method for the 7 
HAs (6–20 ng/L) were significantly better than those obtained by the only other 
method described so far (20–30 ng/L) [10]. The results found in the analysis of 
treated waters confirm that CH may account for an important fraction of DBPs and 
should be monitored in routine analyses of DBPs in this type of water. In summary, 
the MLLE method provides a “green”, fast, economical and simple tool for the 
determination of HAs in treated water, being a good alternative to the EPA method 
551.1 [11]. 
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Abstract 
Several groups of organic compounds have emerged as being particularly 
relevant as environmental pollutants, including disinfection by-products (DBPs). 
Haloketones (HKs), which belong to the unregulated volatile fraction of DBPs, 
have become a priority because of their occurrence in drinking water at 
concentrations below 1 µg/L. The absence of a comprehensive method for HKs 
has led to the development of the first method for determining fourteen of these 
species. In an effort to miniaturise, this study develops a micro liquid–liquid 
extraction (MLLE) method adapted from EPA Method 551.1. In this method 
practically, the whole extract (50 µL) was injected into a programmable temperature 
vaporizer-gas chromatography-mass spectrometer in order to improve sensitivity. 
The method was validated by comparing it to EPA Method 551.1 and showed 
relevant advantages such as: lower sample pH (1.5), higher aqueous/organic volume 
ratio (60), lower solvent consumption (200 µL) and fast and cost-saving operation. 
The MLLE method achieved detection limits ranging from 6 to 60 ng/L (except for 
1,1,3-tribromo-3-chloroacetone,120 ng/L) with satisfactory precision (RSD, ~6%) 
and high recoveries (95–99%). An evaluation was carried out of the influence of 
various dechlorinating agents as well as of the sample pH on the stability of the 
fourteen HKs in treated water. To ensure the HKs integrity for at least 1 week 
during storage at 4 ºC, the samples were acidified at pH ~1.5, which coincides with 
the sample pH required for MLLE. The green method was applied to the speciation 
of fourteen HKs in tap and swimming pool waters, where one and seven 
chlorinated species, respectively, were found. The concentration of 1,1-
170 
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1. Introduction 
The chemical disinfection of drinking water has significantly reduced the 
incidence of infectious waterborne disease, but reactions of disinfectants such as 
chlorine to natural organic matter insource water produce chemical mixtures 
composed of hundreds of different disinfection by-products (DBPs) [1–4]. 
Approximately, 600–700 DBPs have been reported in the literature although most 
of them continue being unregulated to date [1]. Haloketones (HKs), which belong 
to the unregulated volatile fraction, can be formed in water treated with chlorine, 
chloramines and chlorine dioxide, as well as ozone–chlorine and ozone–chloramine 
combinations [3,5]. 1,1-Dichloroacetone (1,1-DCA), 1,3-dichloroacetone (1,3-DCA) 
and 1,1,1-trichloroacetone (1,1,1-TCA) have been the common HKs identified in 
treated water and the effect of several parameters on their formation have been 
studied extensively [6–8]. Moreover, these HKs (with other DBPs) have been 
detected at low concentrations in treated water of four water treatment plants as 
well as from eight representative points of the distribution network of Athens [9–
11]. The World Health Organisation has concluded that there is not sufficient data 
to be able to propose guideline values for any chloroacetone [12], even though they 
were included in the Information Collection Rule of the United States 
Environmental Protection Agency (EPA) due to their potential health effects and 
unclear exposure doses [13]. Therefore, to date, the concentration of these HKs in 
drinking water has not been regulated in any country. From the toxicological studies 
of HKs [12,14,15] that have been reported, it is known that their mutagenic activity 
decreases as chlorine substitutions at the C-1 and C-3 positions increase, with the 
exception of 1,1,1-TCA [12]. Dermal absorption has been established as an 
important route of exposure for potentially toxic volatile DBPs, including HKs, 
during bathing in chlorinated drinking water [16]. In addition, Xu and Weisel [17] 
have suggested that a potential inhalation exposure to HKs takes places after 10 min 
in a shower, which contributes more than 10% of their daily ingestion doses. As 
regards this topic, the same authors measured 1,1-DCA and 1,1,1-TCA 
concentrations in the breath of human subjects after showering or bathing, 
reporting that both HKs were valid to evaluate inhalation exposure, but not for 
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dermal absorption evaluation because of the low permeability of these compounds 
through human skin [18,19].  
Nowadays there is a growing interest in the family of chlorinated and 
brominated acetones because the information about these compounds is scarce due 
to their lack of commercial chemical standards until nearly the 2000. In this context, 
mass spectral library databases for brominated acetones were available much later 
than for chlorinated ones [20]. Hence, the data on the occurrence, stability and 
analysis of the HKs in drinking water are very limited [4,21,22], and only one 
contribution includes ten HKs [21]. Generally the determination of HKs in water 
relies on a modified EPA Method 551.1, based on liquid–liquid extraction (LLE), 
which is commonly used to determine halogenated volatile organic compounds 
(VOCs), including 1,1-DCA and 1,1,1-TCA, in drinking water [23]. EPA Method 
551.1 has been used in a study on the occurrence of up to ten HKs in drinking 
water, but it provides low sensitivity (LODs, 100–500 ng/L) [21]. Nikolaou et al. 
[24] have assayed and compared different sample preparation techniques [LLE, 
purge-and-trap (P&T) and manual static headspace (HS)] in combination with the 
gas chromatography–electron capture detector (GC–ECD) and GC–mass 
spectrometry (MS) for the simultaneous determination of fifteen VOCs in drinking 
water, including 1,1-DCA, 1,3-DCA and 1,1,1-TCA. With respect to these three 
HKs, this study concluded that: (i) neither P&T–GC–MS nor HS/GC–MS can be 
used for the determination of 1,3-DCA since it was not recovered; and (ii) LLE was 
the best analytical technique to achieve the highest sensitivity for the determination 
of the three HKs, reaching average limits of detection (LODs) of 50 or 120 ng/L 
using ECD or MS detection, respectively. Modern approaches to sample 
preparation for determining VOCs in water are more dedicated to the proposal of 
miniaturised extraction or solventless methods. Thus, solid-phase microextraction 
(SPME) methods have been developed for the two most common chlorinated 
acetones based on either HS–SPME–GC–MS [25] (LOD of 100 and 180 ng/L, for 
1,1-DCA and 1,1,1-TCA,respectively) or manual HS-SPME/GC–ECD (LOD of 
0.3 and 8.3 ng/L, for 1,1-DCA and 1,1,1-TCA, respectively) [26]. With regard to the 
SPME technique, it is noteworthy that these methods suffer from the well-known 
problems involved in SPME methods, such as the poor reproducibility of the fibre, 
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or limited extraction capacity caused by the low amount of sorbent material [27]. 
From the above-mentioned, it is possible to conclude that: (i) the EPA Method 
551.1 was usually employed for this purpose although it needs large volumes of 
organic solvents and is time consuming; among studies based on EPA Method 
551.1, only one of them included up to ten HKs [21]; and (ii) only one 
miniaturisation technique (SPME) has been applied to determine 2 HKs [25,26].  
In recent years there has been a clear trend towards greener analytical 
methods for reducing, or even eliminating the use of organic solvent; the 
developments and perspectives of liquid phase microextraction has recently been 
reviewed [28]. Micro liquid–liquid extraction (MLLE) is a simple technique which 
uses smaller sample volume than standard LLE, lowers the cost of analysis by 
reducing both the amount of extractant (sensitivity increase) and the amount of 
waste, following the trend towards “Green Chemistry”. In addition, the use of the 
programmable-temperature vaporised-based large-volume injection coupled to GC–
MS enable the injection of almost all the organic extract into the GC, which yields a 
further increase in the sensitivity of the method since HKs are present in drinking 
water usually at concentrations below 1 µg/L. Thus, the aim of this research was to 
develop the first MLLE method, based on EPA Method 551.1, for the 
determination of a large number of HKs (14 species) at nanogram per litre levels in 
treated water. Furthermore, a comprehensive study was performed on several of the 
dechlorinating agents used for the preservation of finished tap water. Finally, the 
MLLE method proposed was validated with EPA Method 551.1 by analysing tap 
and swimming pool waters—it is the first time that HKs have been quantified in 
pool water. 
2. Materials and methods 
2.1. Standard solutions 
Chloroacetone (CA, 95%), 1,1-dichloroacetone (1,1-DCA, 99%), 1,3-
dichloroacetone (1,3-DCA, 95%), 1,1,1-trichloroacetone (1,1,1-TCA, 99%), 1,1,3-
trichloroacetone (1,1,3-TCA, 87%) and 1,2-dibromopropane (IS, internal standard) 
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were purchased from Sigma-Aldrich (Madrid, Spain). 1,1-Dibromoacetone (1,1-
DBA,90–95%), 1,1,3,3-tetrachloroacetone (1,1,3,3-TeCA, 90–95%), 1,1,1,3-
tetrachloroacetone (1,1,1,3-TeCA, 85–90%), 1,1,1-tribromoacetone (1,1,1-TBA, 90–
95%), 1,1-dibromo-3-chloroacetone (1,1-DB-3-CA, 85–90%), 1,1-dibromo-3,3-
dichloroacetone (1,1-DB-3,3-DCA, 90–95%), 1,1,3-tribromoacetone (1,1,3-TBA, 
90–95%), 1,3-dibromo-1,3-dichloroacetone (1,3-DB-1,3-DCA, 90–95%) and 1,1,3-
tribromo-3-chloroacetone (1,1,3-TB-3-CA, 85–90%) were supplied by CanSyn 
(Toronto, Canada). Ethyl acetate, n-hexane, methyl tert-butyl ether (MTBE) and 
sulphuric acid were purchased from Merck (Darmstadt, Germany), whereas 
ammonium sulphate, anhydrous sodium sulphate, L-ascorbic acid, sodium 
thiosulphate pentahydrate and ammonium chloride were supplied by Panreac 
(Barcelona, Spain). Stock standard (1.0 g/L) and cumulative (0.1 g/L) solutions of 
each HK were prepared in MTBE and stored at −20 ºC. More diluted individual or 
cumulative solutions were prepared daily in mineral water (free of DBPs) at the 
microgram per litre level. 
2.2. PTV–GC–MS conditions 
Analyses of the HKs were performed on a programmable-temperature 
vaporised (PTV)–GC–MS instrument (Agilent Technologies, Palo Alto, CA, USA) 
consisting of an HP 7890A series gas chromatograph equipped with a G2619A 
Septumless Head PTV injector and an HP 5975C mass selective detector (Triple-
Axis Detector). The PTV was operated in solvent vent mode using a multi-notch 
deactivated liner (Part No. 5183-2041). A large-volume injection (LVI) of 50 µL was 
performed (vent time, 0.01 min; vent flow, 10 mL/min; pressure, 0 psi; purge, 60 
mL/min at 2 min), for which the inlet temperature was programmed from 45 ºC 
(0.01 min) to 250 ºC (0 min) at a rate of 500 ºC/min. The analytes were separated 
on an HP–5MS column (30 m × 0.25 mm × 0.25 µm) from Agilent, with the 
following oven temperature program: initial temperature 40 ºC (held 3 min), ramped 
at 10 ºC/min until 100 ºC, then at 120 ºC/min to 150 ºC (held 2 min), and finally at 
120 ºC/min to 250 ºC. Helium (6.0 grade purity) was employed as the carrier gas at 
a flow rate of 1 mL/min, and the solvent delay was 4.5 min. The mass spectrometer 
was operated in electron impact mode using an ionisation voltage of 70 eV. The 
transfer line and ion source temperatures were set at 250 ºC. The analyses were 
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performed in synchronous selected ion (SIM)/scan mode which allowed both SIM 
and full scan data to be collected in a single run. A full scan (40–400 amu) was used 
for identification and SIM for quantification, selecting the characteristic ions in each 
case. The characteristic ions for the fourteen HKs studied are shown in Table 1. 
2.3. Sample preparation and stability 
Samples were collected in 125 mL amber glass bottles with 
polytetrafluoroethylene (PTFE) screw caps and adjusted at pH ~1.5 by adding 100 
µL of concentrated H2SO4. Bottles were completely filled in order to avoid 
evaporation of volatile compounds. In these acidic conditions, the concentration of 
the fourteen target analytes in water remained constant for 1 week at 4 ºC and, as 
result, no dechlorinating agent for residual chlorine was necessary (see Section 3.7). 
When the time between sample col-lection and analysis exceeded 1 week, samples 
could be stored at −20 ºC. 
2.4. MLLE procedure 
A volume of 12 mL of treated water (prepared as stated in the previous 
section) or mineral water (adjusted at pH ~1.5 by adding10 µL of concentrated 
sulphuric acid), containing from 0.02–0.4 to 50–200 µg/L of each HK and 2 µg/L 
of 1,2-dibromopropane, was placed in a 15 mL glass vial. Then, 200 µL of MTBE 
and 4 g of Na2SO4 were added and the vial was immediately closed with a PTFE 
screw cap, vortexed for 1 min and left undisturbed for 2 min. After that, ~70 µL of 
the upper MTBE layer was transferred to a 0.1 mL conical glass placed inside a 2 
mL amber glass GC vial containing ~10 mg of Na2SO4 to dry the extract. Finally, a 
volume of 50 µL of the dried extract was aspirated with a 100 µL GC microsyringe 
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2.5. EPA Method 551.1 procedure 
The LLE protocol for the determination of HKs in water was that reported 
by EPA Method 551.1 [23] proposed for the determination of halogenated VOCs. 
Samples were collected in 62 mL amber bottles with a PTFE screw cap containing 6 
mg of ammonium chloride, without headspace to avoid evaporation of VOCs. A 12 
mL aliquot was withdrawn from the sample bottle and dis-carded and the pH of the 
remaining sample (50 mL) was adjusted to 4.5–5.5 with diluted H2SO4. Then, fifty 
microlitres of a 10 mg/L standard solution of 1,2-dibromopropane (IS), 3 mL of 
extracting solvent (MTBE), 20 g of Na2SO4 and 1 g of copper sulphate were added 
and the mixture was stirred for 4 min; once the HKs were extracted, the vial was 
left to stand for 2 min for phase separation. Then, 1 mL of the upper MTBE layer 
was transferred to a 2 mL glass vial and 0.1 g of Na2SO4 was added to dry the 
extract. Finally, 50 µL of the extract were injected into the PTV–GC–MS 
instrument for analysis. 
3. Results and discussion 
3.1. Selection of the organic solvent 
There are some conditions that need to be met when selecting an organic 
solvent (extractant), such as high extraction capability for the target analytes and 
low solubility in an aqueous solution. Also, there are two requests related to the 
development of the analytical method: in MLLE the extractant should have lower 
density than water in order to simplify the aspiration of the extract into the 
microsyringe, and in the LVI–PTV technique, the boiling point of the extractant 
influences performance in the solvent vent injection mode. Three solvents that 
satisfy these requirements: MTBE, n-hexane and ethyl acetate (boiling point ~55, 
~69 and ~77 ºC, respectively), were used as extractants to evaluate their 
performance. In addition, 1,2-dibromopropane was used as the internal standard 
(IS) to correct errors associated with the partial dissolution of each organic solvent 
in the aqueous phase and make the extraction efficiency in the different solvents 
comparable. In this study, each extraction variable (sample pH, the amount of salt 
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and the aqueous/organic volume ratio) was initially set according to EPA Method 
551.1. Accordingly, preliminary tests were accomplished by adding 12 mL of 
mineral water (spiked with 20 µg/L of each of the fourteen HKs and 2 µg/L of IS) 
to 15 mL vials, adjusted at pH 4.5–5.5 with diluted H2SO4, 0.7 mL of each solvent 
and 5 g of Na2SO4. The vial was recapped and shaken by hand for 4 min, after 
which it was allowed to stand for another 2 min in order to facilitate the separation 
of the two phases. Then, about 300 µL of the upper organic layer were transferred 
into a 2 mL glass vial containing ~10 mg of Na2SO4 and finally, 20 µL of the extract 
were injected into the LVI–PTV–GC–MS instrument for analysis. A vent flow rate 
of 20 mL/min was used for 0.01 min. Each extraction test is based on the average 
of quintuplicate measurements. As can be seen from Fig. 1, all assayed organic 
solvents extracted the fourteen HKs (average extraction efficiency ranged between 
60% and 80%), however lower values were achieved for the most polar analytes 
(CA, 1,1-DCA and 1,3-DCA) when n-hexane was used. Although MTBE and ethyl 
acetate provided similar extraction efficiency for chlorinated acetones, MTBE was 
the most effective organic solvent, especially for the brominated ones. This could 
be due to their moderate polarity and because the difference between the boiling 
points of the target analytes and the MTBE was the greatest. This different volatility 
is very important in the PTV technique since it allows the evaporation of the 
solvent without sweeping out any volatile HK. Consequently, MTBE was selected 
as the optimum organic solvent and used in subsequent studies. 
The volume of the organic solvent, a key parameter to determine the 
enrichment factor, was studied by performing the extraction with a series of MTBE 
volumes: from 100 to 700 µL. The ratio peak areas decreased when the volume of 
MTBE increased due to the dilution effect of the analytes at a higher volume of 
extractant, although it was very difficult to collect the upper layer when the initial 
volume of organic solvent was less than 200 µL. In any case, and with the primary 
focus being to achieve high enrichment factors, a volume of 200 µL was used for 
further experiments even though it was only possible to collect ~70 µL of the 
supernatant due to the significant dissolution of the MTBE in the aqueous phase. 
This extract was transferred to a 0.1 mL conical glass insert that contained ~10 mg 
of Na2SO4 to dry it. Practically the whole extract, 50 µL, was injected into the PTV–
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GC–MS which improved the sensitivity of the method and minimised the 
generation of hazardous residues in accordance with the principles of “Green 
Chemistry”. 
Fig. 1. Effect of the extractant (700 µL) on the performance in the MLLE process. The 
relative peak area of each analyte was normalised to 1,1,1-TCA. Sample, 12 mL of 
mineral water spiked with a 20 µg/L concentration of each target analyte. 
 
3.2. Influence of the LVI–PTV conditions 
The PTV injector operated in solvent vent mode which allowed the 
elimination of the organic solvent while the analytes were retained within the liner. 
The PTV performance was influenced by several factors, including injection 
volume, initial inlet temperature, ramp rate, vent time, vent flow, and column 
pressure. In this study, a univariable approach was used to observe the practical 
parameters. Since 50 µL of the MTBE extract was fixed, the initial inlet temperature 
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was the first instrumental variable optimised. The trapping temperature was assayed 
between 45 and 65 ºC and the highest analytical signals for the fourteen HKs were 
obtained at the lowest temperature (45 ºC). The temperature ramp varied between 
100 and 500 ºC/min and the best results were achieved at 500 ºC/min. Other 
variables studied were the vent time (0.01–0.1 min) and vent flow (10–100 
mL/min), which are related and affect the elimination of the solvent during venting. 
The best peak responses for the fourteen analytes were obtained at the lowest value 
of vent flow studied (10 mL/min), whereas they were constant throughout the 
interval of vent time assayed. Analytical signals decreased as the column pressure 
increased (from 7to 12 psi) due to overly high gas pressure in the PTV inlet. All the 
chosen parameters are indicated in Section 2.2. 
3.3. Effect of sample pH and ionic strength 
Despite the importance of the sample pH on the extraction process, 
methods reported for determining HKs have not assessed its influence; they have 
simply adopted the pH recommended by EPA Method 551.1. The only 
documentation reported in the literature is related to the effect of pH on the 
formation of two HKs: 1,1-DCA and 1,1,1-TCA during the chloramination of 
water. This study shows that both HKs undergo base-catalysed decomposition at 
alkaline pH [7]. It has also been established that trichloromethane and 
dichloroacetic acid are by-products of 1,1,1-TCA hydrolysis [29]. In view of this 
lack of information, the effect of sample pH on the extraction was investigated over 
a broad interval: 1.0–9.4, maintaining the other variables constant. The results 
demonstrated that the extraction efficiency was kept nearly constant up to pH 7.2 
for brominated species (excluding 1,1-DBA) whereas for chlorinated acetones and 
1,1-DBA  it was up to pH 8.3. The degradation of brominated acetones took place 
at a lower pH than chlorinated ones due to their higher hydrolysis rate constants 
[29]. In this reaction, HKs undergo C1–C2 bond breakage during a base-catalysed 
hydrolysis process based on a nucleophilic addition of the hydroxide ion to the 
carbonyl group involving the formation of an intermediate carboanion leaving 
group [30]. Because the formation of the carboanion increases as its basic character 
decreases, brominated acetones undergo hydrolysis at a lower pH than chlorinated 
ones, since bromine-containing carboanions are weaker bases than their chlorine 
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counterparts. This behaviour can be ascribed to the highlydelocalized charge in 
bromine-containing carboanions due to the superior atomic weight of bromine with 
respect to chlorine. The different behaviour of 1,1-DBA in relation to other 
dibrominated acetones in C1could be attributed to the absence of halogen 
substitution in C3, which could prevent the formation of the carboanion involved 
in the hydrolysis process. As an example of this behaviour, Fig. 2 shows the 
chromatogram obtained at acid (2.5) and alkaline (8.3) pH values, for two analogue 
acetones which hold three equal halogens attached to the same α-carbon atom: 
1,1,1-TCA and 1,1,1-TBA. As can be seen, the former presents great stability at 
both pH values, whereas its brominated analogue is hydrolysed ~50% 
totibromomethane at alkaline pH. From these results, water samples (12 mL) were 
prepared in sulphuric acid medium by adding 10 µL of concentrated H2SO4 to 









Fig. 2. Influence of acid (2.5, —) and alkaline (8.3, —) sample 
pH on the degradation of 1,1,1-TCA (1) and 1,1,1-TBA (2). IS, 
Internal standard; TBM, tribromomethane. 
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The ionic strength of the aqueous phase can decrease the solubility of target 
analytes in the aqueous phase and enhance their transfer to the organic phase, due 
to the so-called salting-out effect. In addition, the presence of salts also decreases 
the solubility of the organic solvent, which is advantageous when working with 
MTBE and the miniaturised LLE technique. The effect of ionic strength on 
extraction efficiency was evaluated using various types of salts with a similar 
[Na2SO4, (NH4)2SO4and K2SO4] or different stoichiometry (NaCl). The presence of 
K2SO4 at a concentration of 2.9 mol/L in the aqueous phase is limited by the 
difficulty in visually collecting the extract, similar to the absence of salt. A 2.9 
mol/L concentration of Na2SO4 provided better results than (NH4)2SO4 (2.9 
mol/L) and NaCl (8.8 mol/L): the extraction efficiency increases between 10% and 
20% for all HKs in comparison to the other salts, except for mono- and 
dihalogenated acetones (CA, 1,1-DCA, 1,3-DCA and1,1-DBA), whose increase 
ranged from 20% to 40%. Different concentrations of sodium sulphate (ranging 
from 1.8 to 3.5 mol/L) were evaluated and the results showed that the relative 
peaks of the fourteen HKs went up as the Na2SO4 concentration increased, 
remaining constant above 2.3 mol/L. According to these results, 4 g of Na2SO4 per 
12 mL of sample (2.3 mol/L) were added in subsequent experiments. 
3.4. Influence of agitation conditions 
Agitation (type and time) is an important factor in MLLE that affects the 
mass transfer process and consequently influences extraction efficiency. The effect 
of manual, ultrasonic, magnetic, or vortex agitation was evaluated during the 
extraction of target analytes for 1 min. The average ratio peak areas obtained with 
ultrasonic, magnetic or manual agitation were ~20%, ~50% or ~97% of those 
provided by vortex agitation (assigned 100%), which can be ascribed to the fact that 
the solubilisation of the salting-out agent is only completed with manual or Vortex 
agitation. Although the results obtained using manual or vortex agitation were 
similar, the latter was selected because it provided greater reproducibility. Variations 
in the vortex time between 1 and 4 min showed no significant effect which 
indicated that the mass transfer of the fourteen HKs from the aqueous solution to 
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the organic solvent occurred so fast that the extraction equilibrium was achieved in 
a short time. These results show that the best option is Vortex agitation for 1 min. 
3.5. Efficiency of the microextraction process for the proposed method 
In the MLLE method developed, the aqueous/organic volume ratio is too 
high (12/0.2, 60) and therefore the determination of the efficiency of the 
microextraction process is especially relevant for evaluating if it is an exhaustive 
extraction technique. The procedure described in Section 2.4 was used for assaying 
the MLLE extraction yield for target analytes at a concentration of 5 µg/L. For this 
purpose, three consecutive extractions of the same sample were carried out by 
adding fresh aliquots of 200 µL of MTBE. The average relative extraction yield was 
calculated in quintuplicate through the use of a normalisation method (the 100% 
value was assigned to the sum of the analytical signals obtained in the three 
sequential extractions). The average results obtained were 80 ± 4% and 20 ± 2% for 
the first and second run, respectively, whereas the third one provided negligible 
extraction values. In view of the fact that the largest fraction of the fourteen HKs 
was obtained from the first run, only one extraction step was performed.  
Next, the extraction efficiency of the MLLE method was compared with 
that achieved by the conventional LLE approach. For this purpose, 1 mL of a 
mineral water solution containing a 250 µg/L concentration of each HK and 100 
µg/L IS in a 2.3 mol/L Na2SO4 at pH ~1.5 was extracted with 1 mL of MTBE 
(manual agitation, 2 min) in quintuplicate. The extraction efficiency for the LLE 
method was calculated through calibration curves constructed with standards 
prepared directly in MTBE, and the result was 94 ± 5%; the remaining fraction of 
analytes (6.5 ± 0.7%) was extracted from the aqueous phase in a second extraction 
with 1 mL of MTBE. The extraction efficiency of the MLLE method was ~85% 
compared to LLE which is quite acceptable considering the high aqueous/organic 
volume ratio used in the miniaturised method. The pre-concentration factor of the 
MLLE method was ~50 which is higher than the conventional EPA Method 551.1 
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3.6. Evaluation of the MLLE/PTV–GC–MS method 
The performance and reliability of the method proposed was evaluated 
under optimised conditions in terms of linearity, limits of detections (LODs), 
quantification (LOQ) and repeatability. A high level of linearity, which reached at 
least 0.4 µg/L, was obtained in all cases, and the working range employed was set 
from 0.02–0.4 to 50–200 µg/L with regression coefficients (r) > 0.9975. The LODs 
were calculated at the concentration of the analyte that provided a chromatographic 
peak equal to three times (ten times for LOQs) the regression standard deviation 
(Sy/x) divided by the slope of each calibration graph [31]. As can also be seen in 
Table 1, the LOD and LOQ (the lower concentration of the linear range) values of 
the fourteen HKs were found to be at ng/L level with an efficient chromatographic 
separation (Fig. 4A). The high sensitivity achieved for chlorinated acetones (6–12 
ng/L) is worthy of note as is that of 1,1-DBA, which is the only brominated 
acetone that behaves like its chlorinated analogues. LODs for brominated acetones 
were high (18–120 ng/L), which is not a relevant problem because water is usually 
disinfected with chlorinating agents instead of brominating ones. Precision, 
expressed as relative standard deviation (RSD), was evaluated applying the proposed 
MLLE/PTV–GC–MS to eleven replicate standard aqueous solutions containing the 
target analytes at 5 µg/L concentration of each HK on the same day (intra-day) and 
six consecutive days (inter-day).  
Here it is of interest to compare the analytical features of the proposed 
method with reported GC alternatives for the determination of HKs (see Table 2). 
From the data shown, the following conclusions can be drawn: (i) this is the first 
method reported to date for the determination of fourteen HKs together 
(chlorinated, brominated and their mixtures), whereas most of the alternatives have 
focused on determining two or three chlorinated acetones; (ii) the proposed MLLE 
method, using the LVI-PTV inlet, provides higher sensitivity than existing GC 
alternatives, except for the one that uses ECD [26], which provides lower or similar 
LOD for 1,1-DCA or 1,1,1-TCA, respectively; and (iii) the only method that studies 
up to ten HKs in drinking water [21] is based on EPA Method 551.1,although it 
does provide lower sensitivity. The high sensitivity of the MLLE method is a 
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powerful choice in the analysis of HKs in many samples with a low concentration 
of target analytes, such as drinking water, as shown below.  
 
In addition to the results shown in Table 2, a comprehensive comparison 
was carried out between the proposed method and EPA 551.1 one in order to 
validate the proposal alternative by using the MLLE procedure described in Section 
2. The quantitative parameters determined are shown in Table 1. The precision for 
EPA Method 551.1, with average RSD values of 5.8 ± 0.8% (intra-day) and 6.7 ± 
0.8% (inter-day), was similar to that provided by the proposed method, 5.9 ± 0.8% 
and 6.9 ± 0.8%, respectively. However, there was a considerable difference in 
sensitivity (expressed as the slope of the calibration graph) between the two 
methods according to the pre-concentration factor used in each one. Thus, the 
average LODs (1,1,3-TB-3-CA was not included) were 22 ± 22 or 67 ± 66 ng/L for 





Comparison of the LODs of the reported GC methods with the present one for the determination of HKs 
Haloketonesa Sample preparation techniques Detection LOD (ng/L)  Ref. 
1,1-DCA 
1,1,1-TCA 
















10 HKs LLE  ECD 100–500   [21] 
14 HKs MLLE MS (LVI–PTV) 6–120   This work 
a The included haloketones are the analytes studied in this work.  
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The relative recoveries of the proposed method were tested in order to 
determine how they were affected by the matrix. For this purpose, a tap water 
sample and a swimming pool water one were fortified at two different 
concentrations of each HK (0.5 and 5 µg/L or 2 and 10 µg/L for MLLE or EPA 
methods) in quintuplicate. A tap water that did not contain any HK was used for 
this purpose, so it was not necessary to quantify its concentrations in genuine water, 
which was mandatory for the swimming pool sample. The concentrations of HKs 
were determined with average recoveries between 95–97% and 98–99% for the low 
and the high amount levels, respectively, whereas the recoveries of EPA Method 
551.1 ranged from 96–97% (at the low levels) to 98–98% (at high levels). The high 
recoveries and good agreement between the two methods demonstrated that the 
water matrix has no effect, and that the proposed microextraction method is a 
feasible choice for the analysis of HKs in these types of water. 
3.7. Stability of the fourteen HKs in treated water 
An important parameter in the determination of DBPs in drinking water 
samples is the use of a quenching reagent for masking residual chlorine. With 
respect to HKs, most studies have focused on the determination of 1,1-DCA and 
1,1,1-TCA together with a wide number of halogenated VOCs using different 
dechlorinating agents. Thus, NH4Cl [23] or Na2S2O3 [7,26] have been used in some 
methods as the dechlorinating agent for the preservation of both HKs. In an 
extensive EPA study on DBPs that also includes ten HKs, both ascorbic acid (31 
mg/L) and enough sulphuric acid to adjust the pH at 3.5 are proposed for the 
preservation of these compounds in water [21]. Other studies on the preservation 
of halogenated VOCs have proposed the use of (NH4)2SO4 [32] or the acidification 
of drinking water [33]. Therefore, it would be interesting to carry out a study on 
different dechlorinating agents, namely ascorbic acid, NH4Cl, Na2S2O3 and 
(NH4)2SO4 to establish the best option for preserving HKs in treated water samples.  
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Initial studies were advocated with a tap water (free of HKs) containing 0.5 
mg/L of free residual chlorine which was spiked with 20 µg/L of each HK. 
Aliquots of the spiked tap water containing each dechlorinating agent at a 0.1 
mol/L concentration were placed in separate 50 mL amber glass bottles and stored 
refrigerated at 4 ºC for 2 h. The stability of the fourteen HKs in the presence of 
each salt was assessed both in freshly prepared and in unpreserved tap water 
(reference tap water). The results obtained for those HKs (the seven brominated 
acetones and 1,1,1,3-TeCA) that underwent degradation in the presence of some 
dechlorinating agents are shown in Fig. 3 (the other chlorinated species were not 










Fig. 3. Stability of the seven brominated HKs and 1,1,1,3-TeCA in a sample 
of spiked (20 µg/L) tap water preserved with sulphuric acid or different salts 
as dechlorinating agent after 2 h at 4 ºC. The relative peak area of each analyte 
was normalised to1,1-DBA. 
After 2 h, only ascorbic acid succeeded in maintaining the analytical signals of 
all species at similar levels to those obtained with reference tap water, except for 
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1,1,1-TBA which was completely degraded. The behaviour was similar in the 
presence of (NH4)2SO4 or NH4Cl: the six brominated HKs were degraded between 
60% and 100% whereas 1,1,1,3-TeCA and 1,1-DBA remained stable. The greatest 
instability was found when Na2S2O3 was used as the dechlorinating agent because all 
species were degraded ~100% except 1,1,1,3-TeCA (~45%). From these results two 
main conclusions can be drawn: (i) the degradation of brominated acetones in 
relation to chlorinated ones could mainly be explained in terms of the sample pH 
(neutral o weakly alkaline) in the presence of (NH4)2SO4, NH4Cl or Na2S2O3; and (ii) 
a higher degradation degree was observed in the presence of Na2S2O3 as the 
dechlorinating agent, which can be assigned to a dehalogenation degradation of 
brominated acetones as is stated in the literature [34,35].  
The fact that only the addition of ascorbic acid as the dechlorinating agent 
provided satisfactory results (for at least 1 week) for all HKs (except for 1,1,1-TBA) 
can be due to it provides an acidic medium (pH ~2.6 for 0.1 mol/L concentration) 
for the aqueous solution, which prevents the degradation of the HKs. Since the 
proposed MLLE method required an acid medium (pH ~1.5) to extract the 
fourteen HKs, acidic conditions were evaluated as a preservation option. Each 
sample was analysed in triplicate at hourly intervals on the first day and daily for one 
week. The results (see Fig. 3) showed that the acidification of the tap water allowed 
all HKs to remain stable for at least 1 week at 4 ºC. Finally, the stability of these 
compounds in the spiked water was studied in the presence of ascorbic acid (0.1 
mol/L) and at pH 1.5 adjusted with sulphuric acid. No variations in the stability 
were observed in these conditions, and consequently treated water was acidified at 
pH 1.5 (the same required by the MLLE method) in order to preserve the fourteen 
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3.8. Application for the analysis of treated water 
Twelve treated waters (tap and swimming pool) were analysed by the 
proposed MLLE/PTV–GC–MS method. The results obtained (average of 
quintuplicate measurements) are given in Table 3, which also shows the 
concentration of HKs found in the waters analysed by EPA Method 551.1. Tap 
water samples only contain 1,1-DCA at detectable values (<LOQ, 0.03 µg/L) or at 
concentrations lower than 1 µg/L. Swimming pool water provided higher 
concentrations of 1,1-DCA and the occurrence of the other six chlorinated HKs; 
however, brominated species were not detected. Similar results were achieved using 
EPA Method, but in three tap waters the concentration of 1,1-DCA was not 
quantified because it was present at a level lower than its LOQ (0.1 µg/L), which 
corroborated the good performance of the MLLE method. The only HK present in 
the analysed tap waters was 1,1-DCA because it came from Drinking Water 
Treatment Plants that use chlorine dioxide/monochloramine as disinfectant, in 
which the formation of trichloroacetones is not favoured due to the presence of 
monochloramine [7]. Furthermore, the low 1,1-DCA concentration found in this 
finished tap water is in accordance with the data reported in the literature, which 
ascribes this behaviour to its degradation throughout the distribution system due to 
hydrolysis exceeding its formation rate [9,10].  
With respect to swimming pool water, the seven chlorinated HKs were 
found to have a total concentration of between 17 and 38 µg/L. It is noticeable that 
the concentration of 1,1-DCA in swimming pool water significantly increased (~25 
times) with respect to tap water. The most abundant HK was 1,1,3-TCA with an 
average concentration of 8.2 ± 0.9 µg/L in the six swimming pool water samples, 
followed by 1,1,1-TCA (7.0 ± 3.6 µg/L) and 1,1-DCA (6.2 ± 3.7 µg/L). Unlike tap 
water, where organic matter in the source water is the substrate for DBP formation, 
swimming pool water has additional sources that can serve as precursors to DBPs, 
such as human body substances (perspiration, urine, mucus, hair, etc.), the 
occurrence of which has increased. To our knowledge, these results constitute the 
first data on the quantification of HKs in swimming pool water (although five of 
these HKs were previously identified in chlorinated swimming pool water [36,37], 
Capítulo 4 
 
190   
no concentration levels were provided). Fig. 4B shows the LVI–PTV–GC–MS 
chromatogram (SIM mode) obtained from swimming pool water 4. As can be seen, 
only a few peaks from the matrix were detected, which did not disturb the 
determination of the HKs. 
 
 
Fig. 4. PTV–GC–MS chromatogram (SIM mode) obtained from the analysis of 12 mL of (A) 
standard solution containing 200 ng/L of each HKs (except for 1,1-DB-3,3-DCA,1,1,3-TBA, 
1,3-DB-1,3-DCA and 1,1,3-TB-3-CA, 500 ng/L) and (B) swimming pool water 4 (see Table 2) 
by the proposed MLLE method. Peak identification: CA (1); 1,1-DCA (2); 1,1,1-TCA (3); 1,3-
DCA (4); 1,1-DBA (5); 1,1,3-TCA (6); 1,1,3,3-TeCA (7); 1,1,1,3-TeCA (8); 1,1,1-TBA (9); 1,1-
DB-3-CA (10); 1,1-DB-3,3-DCA (11); 1,1,3-TBA (12);1,3-DB-1,3-DCA (13); 1,1,3-TB-3-CA 
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4. Conclusions 
A fast, “green” and simple method has been developed based on EPA 
Method 551.1 for the analysis of fourteen HKs from treated water samples. As a 
simple and inexpensive but exact and exhaustive method, the proposed MLLE 
introduces some advantages with respect its EPA counterpart, namely: (i) smaller 
sample pH (~1.5 versus 4.5–5.5 in EPA Method), which improved selectivity; (ii) 
lower organic solvent consumption (0.2 mL of MTBE versus 3 mL), resulting in an 
enhancement of the sensitivity; (iii) shorter extraction time (1 min versus 4 min); and 
(iv) higher pre-concentration factors (50 versus 17) with acceptable extraction 
efficiency (~85%). On the other hand, the use of a rapid inlet temperature 
programme combined with the possibility of injecting a large volume of the extract 
into the PTV–GC–MS, led to an improvement in sensitivity. Also, this system 
minimised the generation of hazardous waste because the whole extract is 
practically injected into the chromatograph, following “Green Chemistry” 
principles. The stability of the fourteen HKs has been rigorously studied in the 
presence of various dechlorinating agents recommended in the literature and at 
different sample pHs, the best option being the acidification of water at pH ~1.5 
after collection. This is the first time that fourteen HKs have been determined in 
treated water, thus obtaining reliable results from an environmental point of view. 
Only 1,1-DCA was detected in chlorinated tap water whereas all seven chlorinated 
HKs studied were found in swimming pool water. 
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Abstract 
Haloketones (HKs) are unregulated volatile disinfection by-products that 
show some potential risk even at low concentrations. While EPA Method 551.1 
involves conventional liquid–liquid extraction and a complex series of steps, the 
simple scientific principles of solid–phase microextraction (SPME) in the headspace 
(HS) mode can be applied to ensure a solvent-free method to control these 
substances at appropriate levels. The 14 HKs (12 mL of water at pH ~1.5) were 
extracted on a DVB/CAR/PDMS fibre in 15 min. After extraction, the analytes 
were desorbed at 250 ºC in the GC–MS inlet. Parameters affecting the 
extraction/desorption steps were investigated to select the most favourable 
conditions in short times. The HS–SPME/GC–MS method demonstrated high 
extraction efficiency with low limits of detection of between 15 and 600 ng/L, good 
linearity in the range 0.05–2 μg/L to 100–2000 μg/L, and good repeatability (RSD 
below 7%, n = 11). The green method was validated with EPA 551.1, used for 
determining halogenated VOCs in water, with noticeable advantages in terms of 
sensitivity, simplicity and solvent consumption. The results obtained from the 
analysis of water taken from a treatment plant employing chlorine dioxide and 
chloramines as disinfectants showed that two HKs were formed after pre-oxidation 
and that the subsequent steps in the plant were ineffective for their removal. Finally, 
the analysis of tap and swimming pool water exhibited that the concentration and 
number of species formed is higher in the latter, which is in accordance with its 
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1. Introduction 
Disinfection is applied to drinking water in order to deactivate 
microorganisms and to ensure the residual concentration of disinfectant throughout 
distribution systems. Disinfection by-products (DBPs) are formed during this 
disinfection process due to the reaction of disinfectants with naturally occurring 
organic matter in the source water [1–4]. Depending on what kind of disinfectant is 
used, different types of DBPs are produced; for example, chemical disinfection 
using chlorine, chloramines, or chlorine dioxide commonly produces 
trihalomethanes, haloacetic acids, haloacetonitriles, haloketones (HKs), chloral 
hydrate, chloropicrin, chlorinated furanones and cyanogen halides [5,6]. Among the 
unregulated DBPs, up to 14 HKs have been identified in treated water [4], the most 
frequent ones in drinking water being 1,1-dichloroacetone (1,1-DCA), 1,3-
dichloroacetone (1,3-DCA) and 1,1,1-trichloroacetone (1,1,1-TCA) [7–9]. 
Consequently, factors affecting the formation of these HKs have been studied more 
than for the remaining ones [10–12]. The concentration of the most frequent HKs 
is usually at a low μg/L level in drinking water, although chloroacetone, 1,1-DCA, 
1,3-DCA, 1,1,1-TCA, 1,1,3-trichloroacetone, 1,1,3,3-tetrachloroacetone and 1,1,1,3-
tetrachloroacetone have recently been quantified in swimming pool water at 
concentrations from 0.13 to 14 μg/L [13]. According to the results of various 
toxicological studies, the HK family shows some potential risk for human health 
[14–17] and so 1,1-DCA and 1,1,1-TCA have been included in the Information 
Collection Rule of the United Stated Environmental Protection Agency (U.S. EPA) 
[18]. The first study to integrate quantitative “in vitro” toxicological data with 
analytical chemistry and human epidemiologic outcomes for drinking water DBPs 
has been recently implemented [14]. In this research, only two HKs has been 
included, obtaining cytotoxic and genotoxic potency indexes of r = 0.04 and r = –
0.08, respectively. It is evident that ingestion of treated water is not the only route 
of exposure to HKs; dermal absorption has also been established as an important 
route of exposure to these toxic compounds during bathing [19]. Also, another 
study has concluded that inhalation absorption could be another route of exposure 
for HKs, indicating that the majority of the absorbed dose is metabolised in the 
human body after exposure [20]. Previous studies on HK formation were focused 
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on di- and trichlorinated acetones due to unavailable chemical standards for 
brominated and mixed bromochloro species, which did not become available until 
the early 2000s. Thus, near that date Cancho et al. [21] provided the first study on 
the behaviour of 5 HKs (including three brominated ones) in the water treatment 
plant of Barcelona (Spain), concluding that HKs were completely adsorbed in 
granular activated carbon filters and their concentrations in tap water were lower 
than 0.5 μg/L. Later, 10 HKs were measured in the U.S. Nationwide Occurrence 
Study, and were again found at sub μg/L levels in drinking water treated with a 
variety of disinfectants [22]. 
Traditional liquid–liquid extraction (LLE) is the primary technique used for 
extraction and pre-concentration of halogenated volatile organic compounds 
(VOCs), including 1,1-DCA and 1,1,1-TCA, by U.S. EPA Method 551.1 [23]. In 
order to overcome well-known problems related to LLE, a new method based on a 
micro liquid–liquid extraction (MLLE) has recently been proposed [13]. It uses a 
programmed temperature vaporiser (PTV) inlet, which permits injecting almost all 
the extract (50 μL) into the gas chromatograph. Thereby, low limits of detection 
(LODs) for the 14 HKs (6–120 ng/L) are achieved by the MLLE method [13]. 
Solid-phase microextraction (SPME) offers an attractive alternative to LLE, since it 
is a simple, fast, and solvent-free technique that involves minimal sample handling 
and is easily automated. SPME combines sampling and pre-concentration in one 
step through the absorption/adsorption of the analytes from the sample matrix 
onto a fibre coated with polymeric materials, and allows for the direct transfer of 
the analytes into a gas chromatograph inlet via thermal desorption [24]. Within the 
framework of HKs, the SPME technique has only been used for the extraction of 
the two most common chlorinated acetones, in addition to other VOCs 
(trihalomethanes, haloacetonitriles, chloropicrin and chlorinated hydrocarbons) 
[25,26]. The first headspace (HS)–SPME approach employed a Carboxen/ 
polydimethylsiloxane (CAR/PDMS) fibre and manual injection into a gas 
chromatography (GC)–electron capture detector, providing low LODs (0.3 and 8.3 
ng/L for 1,1-DCA and 1,1,1-TCA, respectively) and high precision expressed as 
relative standard deviation (RSD) of 0.1% and 2.3% for 1,1,1-TCA and 1,1-DCA, 
respectively [25]. More recently, an automated HS–SPME–GC–mass spectrometry 
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(MS) method, using the divinylbenzene/CAR/PDMS fibre, achieved LODs of 100 
and 180 ng/L for 1,1-DCA and 1,1,1-TCA, respectively, with reasonable precision 
(RSD, 7%) [26]. 
For the foregoing, the SPME technique could be a good alternative to 
extract HKs taking into account the good sensitivity and precision obtained by the 
above-mentioned determinations [25,26]. Another advantage is that SPME is a 
greener sample preparation technique, which is why it was selected in this work for 
the extraction and pre-concentration of 14 HKs in water. Thus, the main aim of the 
present study was the development of a solvent-free, straightforward and sensitive 
method allowing for the first time the simultaneous analysis of 14 HK species in 
treated water by HS–SPME/GC–MS. The present research involves a rigorous 
study of the variables that affect the volatilisation/adsorption of all target analytes, 
with a special emphasis on the type of fibre, sample pH and type of salt. 
Furthermore, the effect of the different processes that take place in a drinking water 
treatment plant on the occurrence of HKs was also evaluated. The applicability of 
the method was verified by analysing tap and swimming pool water. 
2. Experimental 
2.1. Chemicals and materials 
1,1-Dibromoacetone (1,1-DBA, 90–95%), 1,1,3,3-tetrachloroacetone 
(1,1,3,3-TeCA, 90–95%), 1,1,1,3-tetrachloroacetone (1,1,1,3-TeCA, 85–90%), 1,1,1-
tribromoacetone (1,1,1-TBA, 90–95%), 1,1-dibromo-3-chloroacetone (1,1-DB-3-
CA, 85–90%), 1,1-dibromo-3,3-dichloroacetone (1,1-DB-3,3-DCA, 90–95%), 1,1,3-
tribromoacetone (1,1,3-TBA, 90–95%), 1,3-dibromo-1,3-dichloroacetone (1,3-DB-
1,3-DCA, 90–95%) and 1,1,3-tribromo-3-chloroacetone (1,1,3-TB-3-CA, 85–90%) 
were purchased from CanSyn (Toronto, Canada). Chloroacetone (CA, 95%), 1,1-
dichloroacetone (1,1-DCA, 99%), 1,3-dichloroacetone (1,3-DCA, 95%), 1,1,1-
trichloroacetone (1,1,1-TCA, 99%), 1,1,3-trichloroacetone (1,1,3-TCA, 87%) and 
1,2-dibromopropane (IS, internal standard) were supplied by Sigma–Aldrich 
(Madrid, Spain). Acetone and sulphuric acid were purchased from Merck 
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(Darmstadt, Germany), whereas anhydrous sodium sulphate was supplied by 
Panreac (Barcelona, Spain). 
A stock standard solution containing each haloketone at 1 g/L and 
cumulative solutions at 0.1 g/L were prepared in acetone and stored in amber glass 
vials at −20 °C. Working standard solutions (spiked at microgram per litre level) 
were prepared daily in mineral water (free of DBPs). In spite of the treatment of the 
tap water (using Milli-Q system), ultrapure water continues to present 
trihalomethanes from the tap water. These compounds did not appear in the blanks 
performed with the commercial mineral water since it is untreated. Therefore, 
mineral water was proposed for DBPs determination in aqueous matrices when the 
analysis is carried out by our group [27]. 
Glass vials (22 mL) with silicone septum, SPME fibre assembly holder and 
five commercial available fibres as follows: polyacrylate (PA; 85 μm), 
polydimethylsiloxane (PDMS; 100 μm), PDMS/divinylbenzene (PDMS/DVB; 60 
μm), Carboxen/PDMS (CAR/PDMS; 75 μm) and DVB/CAR/PDMS (50/30 μm), 
were purchased from Supelco (Bellefonte, PA, USA). Each fibre was initially 
conditioned in accordance to the supplier's instructions. 
2.2. Sampling procedure 
Treated water samples were collected in amber glass bottles (125 mL) with 
polytetrafluoroethylene (PTFE) screw caps, which were completely filled and 
transported to the laboratory in coolers with icepacks, keeping them refrigerated (4 
°C) at pH ~1.5 until analysis. In a previous study we have demonstrated that HKs 
remained stable for at least one week (4 °C) when samples were adjusted at acid pH 
by adding 100 μL of concentrated H2SO4 per 125 mL of sample (pH ~1.5) [13]. 
When the time between sample collection and analysis exceeded one week, samples 
could be frozen at −20 °C. 
2.3. Instrumentation 
A GC−MS instrument (Agilent Technologies, Palo Alto, CA, USA) 
consisting of an HP 6890 series gas chromatograph and an HP 5973 N mass 
selective detector (Triple-Axis Detector) was used. The injection port was equipped 
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with a SPME liner and was kept in splitless mode during injection at the optimal 
fibre desorption temperature (250 °C). The gas-chromatographic separation was 
achieved on an HP-5MS UI column (30 m × 0.25 mm × 0.25 μm), which was 
supplied by Agilent. The oven temperature program was as follows: 40 °C for 3 
min, then programmed to 100 °C at 10 °C/min, raised to 150 °C at 120 °C/min (2 
min), and finally to 250 °C at 120 °C/min. The helium (6.0 grade purity) carrier gas 
flow rate was constant at 1 mL/min. The mass spectrometer was used in the 
following conditions: transfer line and ion source temperatures, 250 °C; electron 
ionisation mode at 70 eV; scan range from 40 to 400 Da; solvent delay, 2 min. The 
ions selected for identification and quantification of HKs (SIM mode) are listed in 
Table 1; m/z values for 1,2-dibromopropane (IS) were: 42, 121 (base peak) and 123. 
 
Table 1 
Volume of the moleculea, vapour pressure (Vp)
a and mass to charge ratio (m/z) 
for HKs.  
Compound Volume (Å3) Vp at 25 ºC (Pa) m/z
b 
CA 78.30 2.1 x 103 43, 92, 94 
1,3-DCA 92.36 172 49, 77, 79 
1,1-DCA 92.45 2.3 x 103 43, 83, 85 
1,1-DBA 101.13 90 43, 173, 175 
1,1,3-TCA 106.42 233 77, 79, 83 
1,1,1-TCA 106.59 1.1 x 103 43, 125, 127 
1,1-DB-3-CA 115.26 6.5 77, 79, 173 
1,1,3-TBA 119.59 1.2 121, 123, 296 
1,1,1-TBA 119.60 16 43, 251, 253 
1,1,3,3-TeCA 120.67 70 83, 85, 196 
1,1,1,3-TeCA 120.72 187 77, 79, 117 
1,1-DB-3,3-DCA 129.34 2.7 173, 201, 203 
1,3-DB-1,3-DCA 129.35 3.1 127, 129, 157 
1,1,3-TB-3-CA 133.74 0.5 127, 129, 201 
a Values from www.chemspider.com (Royal Society of Chemistry database). 
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2.4. HS–SPME procedure 
Glass vials (22 mL) were filled with 12 mL of treated water (prepared as 
stated in Section 2.2) or mineral water (adjusted to pH ~1.5 by adding 10 μL of 
concentrated H2SO4) containing from 0.05–2 to 100–2000 μg/L of each analyte, 
and 2 μg/L of 1,2-dibromopropane (IS). After the addition of 6 g of Na2SO4, the 
vial was immediately closed, maintained at 40 °C, and magnetically stirred at 600 
rpm while the DVD/CAR/PDMS fibre was exposed to the HS above the aqueous 
solution for 15 min. Finally, the fibre was desorbed at 250 °C in the injection port 
of the gas chromatograph for 2 min. 
2.5. LLE procedure (EPA Method 551.1) 
The LLE protocol for the determination of HKs in water was that reported 
by EPA Method 551.1 [23] proposed for the determination of halogenated VOCs. 
Samples were collected in 62 mL amber bottles with a PTFE screw cap containing 6 
mg of ammonium chloride and without headspace to avoid evaporation of VOCs. 
A 12 mL aliquot was withdrawn from the sample bottle and discarded and the pH 
was adjusted at 4.5–5.5 with diluted H2SO4. Fifty microlitres of a 10 mg/L standard 
solution of 1,2-dibromopropane (IS), 3 mL of extracting solvent (MTBE), 20 g of 
Na2SO4 and 1 g of copper sulphate were added to the remaining sample (50 mL) 
and the vial was stirred for 4 min. Once HKs were extracted, the vial was left to 
stand for 2 min in order to separate the two phases; then, 1 mL of the upper MTBE 
layer was transferred to a 2 mL glass vial and 0.1 g of Na2SO4 were added to dry the 
extract. Finally 1 μL of the extract was injected into the GC–MS instrument for 
analysis. 
3. Results and discussion 
Several parameters can affect the extraction efficiency of HKs by SPME, 
including the extraction mode (direct or HS), fibre coatings, pH of aqueous 
solution, salt addition, agitation rate, extraction temperature and time. HS–SPME 
has been previously chosen in other research as the extraction mode for the 
determination of volatile and semi-volatile compounds, including 1,1-DCA and 
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1,1,1-TCA [25,26]. It has the advantage of faster extraction time (primarily for 
volatile analytes) and less interference from the matrix, improving selectivity and 
avoiding damage to the fibre. For these reasons, HS–SPME has been selected as the 
extraction mode in this study. 
3.1. SPME fibre coating evaluation 
Five SPME fibres were tested in order to determine the optimum extraction 
efficiency for all target analytes, namely: PA, PDMS, CAR/PDMS, PDMS/DVB 
and DVB/CAR/PDMS. For this purpose, 12 mL of mineral water (pH ~4.5), 
spiked at a concentration of 20 μg/L of each analyte and 2 μg/L of 1,2-
dibromopropane (IS), were placed into a 22 mL vial containing a magnetic stirrer 
(15 mm × 5 mm). After the addition of 4 g of Na2SO4, the vial was closed and 
placed in a water-bath (maintained at 35 °C) and stirred at 300 rpm. The SPME 
fibre was suspended on the headspace of the vial to allow for the 
absorption/adsorption of the analytes. Thirty minutes later, the fibre was retracted 
back into the syringe, withdrawn from the vial and introduced into the GC–MS 
inlet for desorption (splitless mode). As shown in Fig. 1, extraction efficiency is 
strongly dependent on the nature of the fibre as well as on the volume of the 
molecules. Clearly the non-polar PDMS and polar PA coatings are not efficient for 
absorbing HKs, since their normalised areas were lower than those for the other 
fibres. It can be observed that as the molecular volume of the target analyte 
increased, the efficiency of the CAR/PDMS fibre decreased and the PDMS/DVB 
fibre became more efficient at adsorbing the compounds (see Fig. 1). This 
behaviour can be explained by the mesoporous pore size of the DVB coating 
(average diameter, 17 Å), which is fairly large compared to the CAR micropores 
(average diameter, 10 Å). Furthermore, the PDMS/DVB fibre was the most 
efficient for the adsorption of almost all HKs, except for CA, 1,1-DCA, 1,3-DCA 
and 1,1-DBA, those with the smallest molecular volumes (see Table 1). This means 
that the extraction of the compounds by the fibre is mainly governed by the 
physical retention of the analytes within the pores. Since CA, 1,1-DCA, 1,3-DCA, 
1,1-DBA, 1,1,1-TCA and 1,1,3-TCA have smaller molecular volumes than the 
remaining HKs, they need smaller pores for adsorption onto the fibre, as has 
occurred with CAR/PDMS. In contrast, 1,1-DB-3-CA, 1,1,1-TBA, 1,1,3-TBA, 
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1,1,3,3-TeCA, 1,1,1,3-TeCA, 1,1-DB-3,3-DCA, 1,3-DB-1,3-DCA and 1,1,1-TB-3-
CA have larger molecular volumes, which hinder their adsorption within the 
micropores of the CAR/PDMS fibre, whereas they are favoured by the mesopores 
of the PDMS/DVB one. As shown in Fig. 1, the DVB/CAR/PDMS fibre 
exhibited intermediate behaviour with a slightly lower sensitivity for HKs with small 
molecular volume compared to CAR/PDMS, and a lower sensitivity for HKs with 
large molecular volumes compared to the PDMS/DVB. This is because the 
DVB/CAR/PDMS fibre is a mix of meso- and micro-pores. Thus, 
DVB/CAR/PDMS fibre was selected as a compromise between the analytes with 
the smallest and highest molecular volumes, allowing for the simultaneous 
determination of the 14 HKs.  
3.2. Volume and pH sample 
Headspace SPME is based on the equilibrium of analytes throughout the 
three phases of the system (sample–headspace–coating). Analytes partition between 
the aqueous and gas phases leads to one equilibrium and thus the analyte 
concentrations in the headspace are dependent on the headspace volume. In order 
to obtain the highest sensitivity for the procedure, the effect of sample volume in 
the determination of HKs was examined by varying the sample volume (5, 10, 12, 
and 15 mL) in the 22 mL vial. All other parameters were kept constant. A sample 
volume of 12 mL (~13 mL, taking into account the stirrer), gave the highest 
analytical response. 
To date, there is no information about sample pH values to favour the 
generation of headspace for HKs. Therefore, the sample pH was assayed over the 
range 1–10 (using dilute sulphuric acid or sodium hydroxide solutions). The 
extraction efficiency of the brominated acetones (1,1-DB-3-CA, 1,1,1-TBA, 1,1,3-
TBA, 1,1-DB-3,3-DCA, 1,3-DB-1,3-DCA and 1,1,1-TB-3-CA) was relatively 
constant in the 1.2–5.4 range, decreasing their analytical signals above this value. 
The relative peak areas remained constant up to pH 8.4 for chlorinated acetones 
and 1,1-DBA. Since HKs are also stable in acidic conditions [13], water samples 
were adjusted at pH ~1.5 at the time of collection by adding 10 μL of concentrated 
sulphuric acid per 12 mL of sample. 
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3.3. Effect of salt addition 
Adding salt to the aqueous sample favoured the diffusion of the analytes 
into the headspace. Initially, three types of salts, including sodium chloride and 
ammonium and anhydrous sodium sulphates, were assayed at the same ionic 
strength. As can be seen in Fig. 2, the addition of any type of salt provides better 
conditions for the volatilisation of all HKs when compared with the unsalted 
experiment. The addition of NaCl (7.1 mol/L) or (NH4)2SO4 (2.3 mol/L) provided 
similar results on the extraction efficiency of all HKs but lower than those provided 
by Na2SO4 at 2.3 mol/L. There was a noticeable difference in the analytical signals 
obtained when no addition of salt was compared to additions of Na2SO4 because 
the relative peak areas increased 3–20 times. The salting-out effect was studied with 
amounts of Na2SO4 between 2 and 8 g. The extraction efficiency of all analytes rose 
as the Na2SO4 amount increased to 6 g (saturated solution). Thus, 6 g of Na2SO4 
(3.5 mol/L) per 12 mL of sample were fixed as the optimum salt addition. 
Fig. 2. Feasibility for using different salts at the same ionic strength on the extraction of the 
14 HKs. Error bars are the standard deviation for three measurements. 
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3.4. Influence of extraction temperature 
Temperature has a significant effect on the volatilisation process, so the 
extraction temperature study was performed increasing the temperature from 30 ºC 
to 50 ºC. For CA, 1,1-DCA and 1,1,1-TCA,which are the most volatile HKs (see 
Table 1), increasing temperature (30–40 ºC) does not significantly affect their 
extracted amount. However, the extraction efficiency increased as the temperature 
went up to 35 ºC or 40 ºC for HKs with intermediate or low vapour pressures, 
respectively (Table 1). Extracted quantities of the 14 HKs decreased at 50 ºC. The 
trend observed in this optimisation process reflects the interactions between the 
thermodynamic and kinetic aspects of SPME, whereby the extraction yield increases 
with rising temperature due to enhanced mass transfer (i.e. kinetic aspect), and 
reaches a maximum at a certain temperature, then decreases with increasing 
temperature due to the decreasing distribution constant (i.e. thermodynamic aspect) 
[24]. Taking into account that all HKs were favourably extracted at a temperature of 
40 ºC, this was selected for further experiments. 
3.5. Agitation and rate time 
The agitation rate of the aqueous samples can reduce extraction time and, 
therefore, this variable changed from 300 to 900 rpm by magnetic stirring. 
Analytical responses for all HKs increased slightly (~1.2 times) up to 600 rpm, 
decreasing ~75% at 900 rpm probably since the tumbling of the magnetic bar is 
more erratic and unreliable. Thus, a 600 rpm stirring speed was selected. Moreover, 
the extraction time was critical to establish the equilibrium between the sample and 
the SPME fibre. Extraction times from 5 to 40 min were used to evaluate the 
extraction efficiency of the fibre. The most volatile HKs (1-CA, 1,1-DCA and 1,1,1-
TCA) reached equilibrium after 5 min while less volatile ones needed at least 10 min 
to reach a state of equilibrium. Nevertheless, 15 min was selected as the extraction 
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3.6. Desorption temperature and time 
Desorption conditions of the fibre on the GC injection port, such as 
temperature and time, are important because they can affect the sensitivity of the 
method. Initially, desorption temperatures (175–270 ºC) were evaluated in splitless 
mode at desorption times of 1–3 min. A desorption time of 2 min at 250 ºC was 
found to be sufficient to completely desorb the 14 HKs since no carryover was 
observed. 
3.7. Testing method performance 
To evaluate the high-throughput HS–SPME/GC–MS method for treated 
water analysis, the linear range, the limits of detection (LODs) and quantification 
(LOQs), and precision were determined. As can be seen in Table 2, linearity was 
obtained in the range from 0.05–2 to 100–2000 µg/L. Correlation coefficients over 
0.993 were obtained for the 14 analytes. LODs or LOQs (the lowest concentration 
of the linear range), defined as the minimum concentration providing 
chromatographic signals 3 or 10 times higher than background noise [28], were 
obtained at low ng/L levels with average values of 30 ± 17 or 100 ± 58 ng/L, 
respectively (excluding 1,1-DB-3,3-DCA, 1,1,3-TBA, 1,3-DB-1,3-DCA and 1,1,3-
TB-3-CA). The precision, expressed as relative standard deviation (RSD), was 
evaluated by calculating the within- and between-day (three consecutive days) 
precision of eleven replicate standard working solutions of HKs at 5 µg/L of 
concentration (1,1-DB-3,3-DCA, 1,1,3-TBA, 1,3-DB-1,3-DCA and 1,1,3-TB-3-CA 
at 10 µg/L) under the same experimental conditions. The results, summarised in 
Table 2, showed that acceptable RSD values were obtained for repeatability 
(average value, 6.4 ± 0.7%) as well as for reproducibility (average value, 7.4 ± 
0.6%). Fig. 3A shows an HS–SPME/GC–MS chromatogram corresponding to a 
mineral water spiked with 10 µg/L of each target analyte. As can be observed, good 
chromatographic resolution of the 14 HKs was achieved.  
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To date, only one method, based on micro liquid–liquid extraction (MLLE), 
has been developed to determine the mixture of the 14 HKs [13] and, for 
comparison, Table 2 includes their analytical characteristics. The MLLE method is 
4 times more sensitive (sensitivity as the slope of the calibration graph) than that of 
the proposed HS–SPME/GC–MS alternative, and the average RSD was similar 
(~6%). However, the sensitivity achieved by the MLLE method is supported by the 
use of a gas chromatograph with PTV-based large-volume injection, which allows 
the injection of 50 µL of extract. On the other hand, the HS–SPME/GC–MS 
alternative is greener than MLLE (200 µL of MTBE per sample), the fibre can be 
reused at least 200 times and the technique is simpler. Finally, it has been 
considered appropriate to establish a comparison with other methods that used the 
same fibre, although only 2 HKs were deter-mined [25,26]. The proposed HS–
SPME/GC–MS method provided LODs of 15 ng/L (1,1-DCA and 1,1,1-TCA) 
versus 100 (1,1-DCA) and 180 ng/L (1,1,1-TCA) achieved by the automated HS–
SPME–GC–MS one [26]. The manual HS–SPME/GC–ECD alternative provided 
lower LODs for 1,1-DCA (0.3 ng/L) and 1,1,1-TCA (8.3 ng/L) than those 
provided by the method proposed (15 ng/L), as a result of the higher sample 
volume (25 mL) and the use of a GC–ECD instrument [25].  
The proposed HS–SPME/GC–MS method was also compared to that of 
EPA 551.1 in order to validate the alternative proposal. All quantitative parameters 
were determined as stated above and showed in Table 2. Precision was assessed by 
analysing mineral water samples spiked with a 20 µg/L concentration of each HK 
(1,1-DB-3,3-DCA, 1,1,3-TBA, 1,3-DB-1,3-DCA and 1,1,3-TB-3-CA at 50 µg/L). 
The proposed HS–SPME/GC–MS method provided lower LODs (30 ± 17 ng/L; 
10 HKs) than those achieved by EPA 551.1, with average values of 690 ± 273 ng/L 
(10 HKs). EPA Method 551.1 that is used here (GC–MS) is less sensitive than the 
reference EPA Method551.1 (GC–ECD) [23] according to different detectors used. 
By way of example, the reported LOD for 1,1,1-TCA with GC–ECD is 16 ng/L, 
which is much lower than that obtained here by GC–MS (600 ng/L).With respect 
to precision, both methods showed similar values expressed as RSDs. 
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In the same vein, the recoveries of both methods were also calculated using 
a tap and swimming pool water fortified at two (a and b) different concentrations of 
each target analyte [1 (a) or 2 (for the four less sensitive HKs) and 10 (b) µg/L or 5 
(a) or 30 (for the four less sensitive HKs) and 50 (b) µg/L for the proposed or LLE 
methods; all experiments being carried out in quintuplicate (n = 5). The selected tap 
or swimming pool water contained one (1,1-DCA) or three species (1,1-DCA, 1,1,1-
TCA, 1,1,3-TCA), respectively, so their genuine concentration in the unspiked 
sample was determined first. The recoveries of the proposed HS–SPME/GC–MS 
method ranged from 92% (a) to 99% (b) for the 14 species at the two spiked levels, 
while those for the LLE method were 95 (a)–99 (b)% at low and high concentration 
levels, respectively. These results revealed that no matrix effect was observed in the 
determination of the 14 HKs in treated water samples under these experimental 
conditions. 
Fig. 3. GC–MS chromatograms (SIM mode) obtained from the analysis of 12 mL of (A) standard 
solution containing 10 µg/L of each HK and (B) swimming pool water 2 (see Table 4) by the HS–
SPME method. Peak identification: CA (1); 1,1-DCA (2); 1,1,1-TCA (3); 1,3-DCA (4); 1,1-DBA (5); 
1,1,3-TCA (6); 1,1,3,3-TeCA (7); 1,1,1,3-TeCA (8); 1,1,1-TBA(9); 1,1-DB-3-CA (10); 1,1-DB-3,3-
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3.8. Analysis of water 
The proposed HS–SPME/GC–MS method for the determination of HKs 
was applied to water samples taken from different stages of a full scale drinking 
water treatment plant (DWTP). The treatment process in the DWTP involved 
several steps; one sample was taken in each step in addition to raw water and the 
distribution system (24 h from the DWTP exit). The study was carried out in the 
warmest (summer) and coldest (winter) months. The six sampling points (SP) taken 
in both seasons are shown in Fig. 4. First, raw water is pre-oxidised with 0.7 or 0.8 
mg/L of ClO2 (mixture of chorine and sodium chlorite) for summer or winter, 
respectively. Then, the water was allowed to settle in flow solid contact clarifiers, 
and aluminium 
polychloride was added at 
52 or 59 mg/L of 
concentration in winter 
or summer 
(coagulation/flocculation 
and sedimentation steps, 
SP3). Next, clarified 
water was passed through 
rapid sand filters. Finally, 
water was further 
disinfected with 
chloramines (SP5), 
ammonia and free 
chlorine being added 
separately to the effluent 
to form chloramines in 
situ (NH2Cl dose of 2.4 
mg/L). Another sampling 
point was taken in the 
distribution system.  
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The pH (7.0–7.6) of the water remained fairly constant for all sampling 
points at any season. Seasonal changes were assessed in two surveys held in summer 
(September 2013) and winter (February 2014), when the water temperature average 
was 29 ± 2 ºC and 12 ± 2 ºC, respectively. The quality of raw water also changed 
between seasons, the content in organic carbon being higher in summer (4.6 mg 
O2/L) than in winter (3.5 mg O2/L). Samples were analysed in triplicate on a weekly 
basis (4 samples per month) at each of the 6 sampling points (n = 18 each week). 
 Samples were analysed by the HS–SPME/GC–MS method (Table 3) and 
the results were validated by the LLE method. However, the latter method did not 
provide enough sensitivity for the quantification of the target HKs in these samples, 
obtaining concentrations of 1,1-DCA and 1,1,1-TCA lower than the LOQs (2 µg/L; 
Table 2) in the positive samples. As can been seen, no HKs were found in the raw 
water (SP1), which corroborated that the occurrence of these compounds in 
drinking water is ascribed to the disinfection process. It should be noted that only 
two HKs (1,1-DCA and 1,1,1-TCA) have been detected/quantified at any sampling 
point in the DWTP, probably because the other twelve require higher 
concentrations of disinfectants and organic matter for their formation. The first 
pre-oxidation step with chlorine dioxide (SP2) caused the formation of 1,1-DCA at 
concentrations lower than 2 µg/L whereas 1,1,1-TCA was undetected (<LOD) 
probably because its formation rate is slower than that of 1,1-DCA. The 
sedimentation (SP3) and the filtration (SP4) steps had the opposite influence on the 
behaviour of both HKs; thus, 1,1,1-TCA appeared in SP3 and increased its 
concentration ~2 times in SP4 in both seasons. In parallel, the concentration of 1,1-
DCA decreased in SP3 (~70% or 30% in summer or winter, respectively) and SP4 
(85% or 60% in summer or winter, respectively) with respect to SP2. Given that it is 
a known fact that 1,1-DCA can be a precursor of 1,1,1-TCA in the presence of a 
residual chlorine [29–31], it is possible to hypothesise the seasonal profile of 1,1-
DCA concentrations. In summer, when water is warmer, the formation of 1,1,1-
TCA prevailed to the detriment of that of 1,1-DCA; opposite results were obtained 
in winter [32]. The second oxidation step with chloramines (SP5) increased the 
concentration of 1,1-DCA with respect to the previous step (SP4) ~2 or 5 times in 
winter or summer, respectively, whereas that for 1,1,1-TCA decreased drastically: 
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45% in summer or undetected in winter. This result can be ascribed to the fact that 
chloramines do not favour the formation of 1,1,1-TCA [11,33]. In the distribution 
system (SP6), 1,1-DCA concentrations decreased (~25%) and 1,1,1-TCA was 
undetected in both seasons because of their possible degradation [7,8]. 
The method was also tested in treated water such as tap and swimming pool 
water. As can be seen in Table 4, there are significant differences between the two 
types of water. 1,1-DCA appeared in all tap water analysed while 1,1,1-TCA did 
only occasionally, which is related to the low concentration of residual chlorine 
(0.3–0.6 mg/L); on the other hand, up to 7 HKs appeared in the swimming pool 
one as a consequence of the higher concentrations of residual chlorine (2–3 mg/L) 
and organic matter coming from the users. With respect to the comparison between 
the results obtained by the proposed and LLE methods, it could be concluded that 
both provided similar results although the latter failed to detect/quantify either 1,1-
DCA or 1,1,1-TCA in tap water or tetrachloroacetones in swimming pool water 
owing to its lower sensitivity. All the swimming pools analysed contained 4–7 
chlorinated ketones, but no brominated ones were detected. The least frequent HK 
was CA and the most abundant was 1,1,3-TCA with an average concentration of 7.8 
± 0.7 µg/L; 1,1,1-TCA, 1,1-DCA and 1,3-DCA were found at similar average 
concentrations of 6.9 ± 2.1, 6.6 ± 4.9 and 6.5 ± 0.7 µg/L, respectively. A 
chromatogram obtained from swimming pool water 2 is shown in Fig. 3B; as can 
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4. Conclusions 
An HS–SPME/GC–MS method has been developed for the simultaneous 
determination of 14 HKs in treated water for the first time. Of the five SPME 
fibres tested, the DVB/CAR/PDMS was selected because of its porous polymer 
coating along with the increased surface area of this fibre and its bipolarity that 
made it suitable for the extraction of all target analytes from water samples with 
great efficiency. The developed solvent-free extraction methodology combined with 
GC–MS instrumentation achieved high sensitivity, good linearity and precision, as it 
was a method free from interferences. The proposed method was validated with 
EPA Method 551.1, providing higher sensitivity and therefore it was more suitable 
for the analytical monitoring of HKs at trace levels. The method was applied to 
determine HKs at low µg/L levels in a DWTP that employs an atypical disinfection 
method combining chlorine dioxide and chloramination. The influence of the 
different steps involved in the DWTP on the occurrence of 1,1-DCA and 1,1,1-
TCA was studied during the coldest and warmest months. It was found that both 
HKs were formed in the pre-oxidation step, and the next steps applied were 
ineffective in their removal. We also examined treated water, finding up to 7 
chlorinated ketones in the swimming pool one. The HS–SPME/GC–MS method 
has several advantages in terms of large number of HKs, no solvent consumption 
and low cost. 
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Este Capítulo de la Memoria comprende los hitos 6 y 7 relacionados con la 
determinación de compuestos carbonílicos en agua y orina humana. Presenta varias 
innovaciones en lo referente al estudio de distribución de dos de las familias de 
compuestos abordadas en esta Tesis Doctoral, como son aldehídos de bajo peso 
molecular (LMMAs) y halocetonas (HKs), en el proceso de potabilización de una 
estación de tratamiento de agua potable (ETAP). En el caso de los LMMAs se 
emplea la técnica de SHS acoplada a GC–MS porque, como se comentó en el 
Capítulo 3 de la Memoria, es más simple y robusta que otras alternativas manuales 
desarrolladas en la misma, mientras que en el caso de las HKs se emplea el método 
de HS–SPME/GC–MS desarrollado en el Capítulo 4 de la misma. 
En la primera parte se aborda un estudio sobre DBPs, tanto regulados (RD 
140/2003) como emergentes entre los  que se incluye la familia de LMMAs y HKs, 
en la ETAP de Córdoba (EMACSA). En este estudio participó la empresa 
evaluando paralelamente diferentes parámetros físico-químicos del agua (materia 
orgánica, nitratos, conductividad, etc.) más importantes en la generación de DBPs 
en agua. Aunque existen estudios sobre la distribución de DBPs regulados, es escasa 
la información sobre LMMAs. Por ello el estudio sobre la formación y distribución 
de estas especies bajo diferentes condiciones prácticas de tratamiento del agua, en 
orden a optimizar el esquema de potabilización idóneo para minimizar la formación 
de DBPs, es de enorme impacto social. Los procesos de tratamiento del agua con 
agentes oxidantes y desinfectantes, insustituibles para garantizar la idoneidad del 
agua destinada al consumo humano, comportan la generación paralela de DBPs, 
siendo el reactivo empleado el que desencadena la prevalencia de las especies y/o su 
concentración (junto a otros componentes del agua). En este contexto, es el dióxido 
de cloro y cloraminas los que generan un menor número de DBPs según la OMS, y 
fueron los utilizados en la ETAP entre 2013 y 2014. El embalse, situado a 25 Km de 





garantiza un agua bruta de notable calidad. La ETAP se encuentra equipada con 
procesos de tratamiento unitarios, por lo que se seleccionaron 7 puntos de 
muestreo: agua bruta (1), agua tras preoxidación con dióxido de cloro (2), agua 
decantada (3), agua filtrada (4), agua en depósito tras oxidación con cloraminas (5), 
agua en red de distribución 24 h (6) y 48 h (7) desde la salida de la ETAP. Los 
parámetros de calidad del agua se realizaron en los mismos puntos de muestreo. La 
variabilidad de todos los parámetros y la de LMMAs y HKs se estudiaron 
estacionalmente considerando la influencia de la tipología de la materia orgánica del 
agua natural (bruta) sobre el proceso, y la secuencia estacional de la misma en la 
captación. Los meses testigo fueron: mayo (primavera), septiembre (verano), 
noviembre (otoño) y febrero (invierno). Los muestreos se realizaron semanalmente 
para subproductos y diarios para parámetros de calidad. Aunque el estudio realizado 
comprende hasta 46 DBPs, en esta Memoria solo se comentarán los relacionados 
con los compuestos carbonílicos (LMMAs y HKs). Con respecto al agua bruta solo 
se detectaron 5 de los 11 LMMAs estudiados y ninguna HK, a concentraciones 
inferiores en invierno (0.6 µg/L) y superiores en los meses cálidos (1.6–3.3 µg/L). 
Además, se observó una alta correlación entre la oxidabilidad (cantidad de materia 
orgánica) y la concentración total de LMMAs en el agua bruta. El agua tras la 
preoxidación con dióxido de cloro contenía una mayor concentración (el doble o el 
triple dependiendo de la estación) de los 5 LMMAs previamente encontrados y se 
formaron 3 LMMAs nuevos (glioxal, metilglioxal y benzaldehído) así como 1,1-
dicloroacetona. En el agua decantada se incrementó la concentración de LMMAs 
(13 µg/L, primavera) y se formó la 1,1,1-tricloroacetona, mientras que la 
concentración de 1,1-dicloroacetona decreció hasta un 70% en primavera. El agua 
tras la filtración contenía una menor concentración de aldehídos alifáticos (5 µg/L, 
primavera), lo cual se puede deber a la actividad microbiológica existente en los 
mismos, aunque los dicarbonílicos y benzaldehído continuaron aumentando. Por 
otro lado, la concentración de 1,1-dicloroacetona disminuyó mientras que la de 
1,1,1-tricloroacetona se incrementó, lo cual puede deberse a la continua formación 
de la especie trihalogenada a partir de la dihalogenada en presencia de cloro residual. 
En el caso del agua tras la oxidación con cloraminas, ésta contenía una mayor 
concentración de LMMAs (22 µg/L, primavera) y de 1,1-dicloroacetona, mientras 




en presencia de cloraminas. A lo largo de la red de distribución, solo glioxal y 
metilglioxal aumentaron sus concentraciones con el tiempo de residencia, mientras 
que benzaldehído y las dos HKs disminuyeron; sin embargo, los 5 aldehídos 
alifáticos permanecieron casi constantes. Una información más detallada sobre este 
estudio se encuentra en el ANEXO II de esta Memoria. 
En la segunda parte de este Capítulo se ha desarrollado un método rápido, 
simple y automático para la determinación de aldehídos (no halogenados) 
provenientes mayoritariamente del estrés oxidativo en muestras de orina humana. 
Para ello, se empleó la misma técnica de SHS, ya que es simple, robusta y se ve muy 
poco afectada por la matriz de la muestra. Con esta metodología se minimizó la 
manipulación de la muestra y por tanto los errores asociados con esta etapa del 
análisis. Aunque se hace uso de la metodología propuesta en el Capítulo 3 para la 
determinación de aldehídos alifáticos y aromáticos de bajo peso molecular en agua 
tratada, es necesario llevar a cabo un proceso de re-optimización del método ya que: 
1) se incluyen aldehídos con carácter endógeno (aldehídos α,β-insaturados) no 
considerados en el estudio sobre agua tratada; 2) no se incluyen los aldehídos 
aromáticos considerados en dicho estudio dado que no se generan en el proceso de 
estrés oxidativo; y 3) la matriz de la orina es mucho más compleja que la de un agua 
tratada. Tras el estudio realizado se observaron ligeras modificaciones en las 
condiciones óptimas tanto de las variables químicas como instrumentales, siendo lo 
más resaltable el poder llevar a cabo el análisis directo en la muestra de orina, esto 
es, sin dilución de la misma como se requiere en otras metodologías propuestas en 
la bibliografía. Una vez optimizado el método se aplicó a 17 muestras de orina 
humana, procedentes en su mayoría de personas sanas, siendo algunos fumadores y 
otros diabéticos. Se han obtenidos resultados interesantes entre las diferentes 
grupos estudiados: 1) en el caso de los individuos sanos, independientemente del 
sexo, los más jóvenes presentan una concentración menor de malondialdehído y 
algo mayor de formaldehído en la orina; 2) las concentraciones de acetaldehído, 
acroleína y crotonaldehído se incrementa apreciablemente en fumadores y en menor 
proporción las de hexanal y malondialdehído; y 3) la orina de personas diabéticas 
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Abstract 
Endogenous aldehydes (EAs) generated during oxidative stress and cell 
processes are associated with many pathogenic and toxicogenic processes. The aim 
of this research was to develop a solvent-free and automated analytical method for 
the determination of EAs in human urine using a static headspace generator 
sampler coupled with gas chromatography–mass spectrometry (HS–GC–MS). 
Twelve significant EAs used as markers of different biochemical and physiological 
processes, namely short- and medium-chain alkanals, α,β-unsaturated aldehydes and 
α-oxoaldehydes have been selected as target analytes. Human urine samples (no 
dilution is required) were derivatised with o-2,3,4,5,6-pentafluorobenzyl 
hydroxylamine in alkaline medium (hydrogen carbonate-carbonate buffer, pH 10.3). 
The HS–GC–MS method developed renders an efficient tool for the sensitive and 
precise determination of EAs in human urine with limits of detection from 1 to 15 
ng/L and relative standard deviations, (RSDs) from 6.0 to 7.9%. Average recoveries 
performed on two levels by enriching urine samples ranged between 92 and 95%, so 
no significant matrix effect was observed in the determination of EAs in urine 
samples. Aldehydes were readily determined at 0.005–50 µg/L levels in human urine 
from healthy subjects, smokers and diabetic adults. From the results, it can be 
inferred that the ensuing method is a useful choice for the determination of EAs in 
human urine samples, providing better results than reported GC alternatives in 
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1. Introduction 
Aldehydes are pervasive chemicals found in ambient environments (e.g., air, 
household, water and soil), the diet and intracellular milieu. These carbonyl 
compounds are intermediary or final products of the metabolism involved in a wide 
spectrum of biochemical and physiological processes [1,2]. Oxidative stress and cell 
processes such as lipid peroxidation (LPO) and glycation can induce the formation 
of highly reactive endogenous aldehydes (EAs). The adducts formed with biological 
targets can impair the functions of enzymes, DNA, structural proteins and other 
macromolecules, resulting in toxicity or even mutagenesis and so they have been 
associated with aging, cardiovascular diseases, neurological disorders and cancer [3–
6].  The main source of endogenously produced aldehydes is the LPO process, with 
4-hydroxynonenal, acrolein, crotonaldehyde and malondialdehyde being the most 
relevant EAs; the last one mentioned is the most predominant and one of the most 
commonly used markers of oxidative stress [7]. Together with LPO, other 
biochemical processes contribute to the formation of different EAs to an even 
greater extent. Some of them are glycation (the major source for glyoxal and 
methylglyoxal [3]), the metabolism of serine, choline, histamine, etc. (involved in the 
production of endogenous formaldehyde [3,8]), and the metabolism of alcohol and 
sugar (the main sources for acetaldehyde [3,9]), among others. For the foregoing, 
accurate measurements of EAs in biological matrices, such as blood and urine are 
important in order to evaluate their implications for human health. Recently, 
urinalysis is a practical means (a non-invasive and simple assay) for acquiring 
information on these aldehydes as potential biomarkers of several diseases [10–15].  
The determination of EAs (e.g. short- and long-chain alkanals, α,β-
unsaturated aldehydes and α-oxoaldehydes) in human urine includes a derivatisation 
step before extraction and chromatographic analysis due to the high polarity, 
chemical instability and volatility of these compounds. Gas chromatography (GC) is 
the most useful choice for determining these carbonyl compounds in human urine 
after their derivatisation with different labels [16–22]. In general, the papers 
published have focused on determining one/a few aldehydes in human urine, such 
as formaldehyde [20], malondialdehyde alone [18] and in the presence of up to four 
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alkanals [19,21] as well as glyoxal and methylglyoxal [22]. Direct GC methods 
(without derivatisation) have also been used but very rarely for this purpose, which 
is concretely for the determination of acrolein [23] and five aldehydes as possible 
markers of oxidative stress [14]. Liquid chromatography (LC) has also been used to 
determine EAs in human urine [10,15,24–26]. The most current and relevant 
contributions involve the use of 2,4-dinitrophenylhydrazine (DNPH) as the 
derivatisation reagent followed by LC analysis of the hydrazones formed by diode 
array [26] or mass spectrometric (MS) detection [10,15]. LC–DNPH methods have 
been reported for determining hexanal and heptanal to diagnose lung disease [26] 
and short-chain and α,β-unsaturated aldehydes as biomarkers of human exposure in 
the workplace [10,15]. Although DNPH/LC–MS methods seem to be valuable 
options with respect to GC–MS ones, DNPH presents some drawbacks that can 
preclude its use for the determination of some EAs in human urine. So, 
formaldehyde cannot be determined quantitatively due to the high degree of 
uncertainty associated with its MS signal, and because dicarbonyl compounds (such 
as glyoxal and methylglyoxal) require a long reaction time (up to 24 h) for 
derivatisation with DNPH [10,15,27].  
Regarding urine sample preparation methods, liquid–liquid extraction (LLE) 
in n-hexane after batch derivatisation of EAs with different halogenated labels has 
been the primary technique used for the extraction and pre-concentration of 
derivatives prior to their determination by GC using electron-capture (ECD) [17–
19] and MS [16–19] detectors. To overcome the well-known drawbacks related to 
LLE, simple, fast, and solvent-free microextraction techniques have been proposed 
as alternatives, including static headspace (HS) [20], single-drop microextraction [21] 
and headspace-solid-phase microextraction [23]. Recently, a HS–GC–MS 
methodology for the direct determination of five aldehydes in urine has been 
reported [14]. Although the target analytes (pentanal to octanal and benzaldehyde) 
can be possible markers of oxidative stress, the most relevant markers were not 
included in the study, such as malondialdehyde, acrolein, crotonaldehyde, glyoxal, 
methylglyoxal, etc., because a prior derivatisation step is required for their HS–GC–
MS determination. The authors state that one important feature of the method is 
that no derivatisation is required; however, this is really a consequence of the higher 
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molecular weight of the target aldehydes regarding the above-mentioned significant 
markers. In addition, this derivatisation step can significantly increase their 
sensitivity by HS–GC–MS. 
Based on the considerations mentioned above, the objective of this research 
was to develop a solvent-free, automated and sensitive HS–GC–MS analytical 
method to determine EAs in human urine. Relevant endogenously produced 
aldehydes used as markers of different biochemical and physiological processes 
have been selected as target analytes, e.g. short- and medium-chain alkanals 
(formaldehyde to heptanal), α,β-unsaturated aldehydes (acrolein, crotonaldehyde 
and malondialdehyde) and α-oxoaldehydes (glyoxal and methylglyoxal). To our 
knowledge, this is the first report on the use of HS–GC–MS for the simultaneous 
determination of these twelve significant EAs in human urine. The present research 
involves a rigorous study of the variables that affect the volatilisation of all target 
aldehydes after their derivatisation with o-2,3,4,5,6-pentafluorobenzylhydroxyl 
amine, a commonly used label for the GC analysis of carbonyl compounds. The 
results obtained show that the aims of this study have been achieved with high 
efficiency and sensitivity for the twelve aldehydes selected. 
2. Experimental 
2.1. Chemicals and standards 
Formaldehyde (37% w/v solution in water), acetaldehyde (≥99.5%), 
crotonaldehyde (≥99.5%), methylglyoxal (40% solution in water), malondialdehyde 
(≥96%), o-2,3,4,5,6-pentafluorobenzylhydroxylamine hydrochloride (PFBHA, 
≥98%), the internal standard (IS, 1,2-dibromopropane), creatinine (≥98%) and 
picric acid (≥98%) were purchased from Sigma-Aldrich (Madrid, Spain). Propanal 
(≥96%), acrolein (≥99%), butanal (≥99%), pentanal (≥97%), hexanal (≥98%), 
heptanal (≥95%) and glyoxal (40% solution in water) were supplied by Fluka 
(Madrid, Spain). Methanol was purchased from Romil Chemicals (Cambridge, UK) 
and n-hexane from Merck (Darmstadt, Germany). Sodium carbonate and anhydrous 
sodium hydrogen carbonate were supplied by Panreac (Barcelona, Spain).  
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 Stock standard solutions were prepared at concentrations of 1.0 g/L 
in methanol and stored in amber glass vials at  –20 ºC. More diluted individual or 
cumulative solutions were prepared daily in ultra-grade water. Working standards 
were prepared at nanogram-per-litre levels by spiking known amounts of the diluted 
stock solutions into 20 mL glass vials containing 10-mL reconstituted urine, which 
was prepared from a native human lyophilised urine control (Medidrug Basis-line 
U) and acquired from LCG Standards SLU (Barcelona, Spain). 
2.2. Chromatographic conditions 
Analyses of the samples were carried out by using an HS autosampler 
G1888 and an HP 7890A gas chromatograph (Agilent Technologies, Palo Alto, CA) 
equipped with an HP 5975C mass selective detector. The autosampler consists of 
an oven to heat the samples and a carousel (with capacity for 70 vials) equipped 
with a robotic arm to place the vials inside the oven; also, the HS sampler included 
a 3 mL loop connected to a six-port injection valve and an inert transfer line. The 
operating conditions for the HS autosampler were as follows: vial equilibration 
time, 20 min; oven temperature, 85 ºC; vial pressurisation time, 30 s; loop 
temperature, 110 ºC; loop fill time, 9 s; transfer line temperature, 120 ºC. Helium 
(6.0 grade, Air Liquid, Seville, Spain) was used both to pressurise the vial and 
transfer the loop content to the injection port of the gas chromatograph equipped 
with an HP-5MS [(5%)-phenyl-(95%)-methylpolysiloxane] capillary column (30 m × 
0.25 mm i.d., 0.25 µm film thickness, J&W). Sample injection was done in split 
mode (1:20 split ratio) with an inlet temperature of 250 ºC. Helium was maintained 
at a flow-rate of 1 mL/min by using electronic pressure control. The 
chromatographic oven temperature programme was as follows: 40 ºC, held 4 min, 5 
ºC/min to 200 ºC, then 20 ºC/min to 250 ºC and held for 1 min. A solvent delay of 
7 min was set to protect the filament from oxidation. Mass spectra were obtained at 
70 eV in the electron impact ionisation mode. The transfer line and ion source 
temperatures were maintained at 250 ºC. Optimisation was conducted in total ion 
chromatogram mode, and quantification of the target analytes was performed in 
selected ion monitoring (SIM) mode using m/z 181 as the quantifying ion (highest 
intensity). Suitable fragments of each analyte for identification are listed in Table of 
analytical features. 
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2.3. Analytical procedure 
Ten mL of human or reconstituted urine sample containing between 0.005–
0.05 and 5–50 µg/L of each aldehyde were placed in a 20 mL glass vial containing 1 
g of anhydrous sodium hydrogen carbonate and 2 g of sodium carbonate (saturated 
solution) for adjusting the pH (10.3) and the ionic strength. Then, 50 µL of 200 g/L 
of PFBHA aqueous solution and 20 µg/L of 1,2–dibromopropane were added and 
the vial was immediately sealed and vortexed for 30 s for homogenisation purposes. 
Finally, the vial was placed into the autosampler carrousel. Samples were analysed 
by HS–GC–MS, using the above-mentioned operating conditions. 
2.4. Urine samples 
Urine samples were provided by three groups of subjects, following 
informed consent: (A) four adult smokers (3 male, 1 female, age range 30–46, 
average age 34), (B) eleven healthy adult non-smokers (7 female, 4 male, age range 
15–60, average age 33) and two diabetic adults (2 female, age 29 and 81). All 
subjects provided first morning urine samples (after overnight fasting, to minimize 
dietary influence), which were collected into sterilised polyethylene bottles of 100 
mL without headspace to prevent the formation of air bubbles and stored at 4 ºC 
up to 72 h. When the time between urine collection and analysis exceeded 72 h, 
samples were stored at –20 ºC up to 30 days to avoid storage losses. Frozen urine 
samples were left in a refrigerator until completely thawed. If required, thawed urine 
samples can be stored for 4 h prior to their analysis in a refrigerator. After gentle 
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3. Results and discussion 
3.1. Method development 
 Because the present research is focused on the determination of EAs in 
human urine as biomarkers of different biochemical and physiological processes 
associated with several diseases, the most representative EAs have been selected as 
target analytes including short- and medium-chain alkanals (formaldehyde to 
heptanal), α,β-unsaturated aldehydes (acrolein, crotonaldehyde and 
malondialdehyde) and α-oxoaldehydes (glyoxal and methylglyoxal). The 4-hydroxy-
2-nonenal, one of the most highly reactive aldehydes produced endogenously, is not 
included in this study because of the low sensibility achieved in its determination by 
the proposed HS–GC–MS method probably due to the high polarity provided by its 
hydroxyl group.  
 Although the derivatisation/extraction conditions for some of the alkanals 
and α-oxoaldehydes studied in water were established in a previous study [28], 
chemical and HS conditions must be re-optimised taking into account that α,β-
unsaturated aldehydes are only included in this study and the determination of EAs 
was carried out in a more complex matrix such as human urine. In fact, although 
possible interferences from the urine matrix may remain undetected because of the 
selectivity of MS detection, they can affect the efficiency and reproducibility of the 
derivatisation/extraction process. In this context, a reconstituted urine (“urine 
blank”) prepared from a native human lyophilised urine control (used as a negative 
control or even as a dilution medium of concentrated urine from patients) was used 
as the matrix in the optimisation study of variables. A pooled urine sample was not 
used as the matrix because target aldehydes are present to a greater or lesser extent 
in real urine due to their endogenous character. 
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 Optimisation of the chemical and HS variables was achieved using the 
univariate method and was based on our HS–GC–MS procedure for determining 
aldehydes in treated water [28]. Initially the possible matrix effect of the “urine 
blank” was evaluated and no significant differences were observed between this 
reconstituted urine and ultra-pure water samples. Table 1 shows the optimum 
values of chemical and instrumental variables affecting the derivatisation/ 
extraction process of EAs as well as those corresponding to treated water for 
comparison purposes. The following comments can be inferred: (i) the relative peak 
areas for dicarbonyl aldehydes (glyoxal, methylglyoxal and malondialdehyde) 
increased significantly at alkaline pH (9.0–10.6) whereas those obtained for the 
other aldehydes (formaldehyde to heptanal, acrolein and crotonaldehyde) were 
independent throughout the pH range assayed (1.1–11.3). This behaviour – similar 
to that we reported for aromatic and dicarbonyl (glyoxal and methylglyoxal) 
aldehydes – can be attributed to a possible alkali-catalysed reaction of the 
hydroxylamine group of PFBHA with these kind of aldehydes [28]. Observing these 
results, it is noteworthy to mention that malondialdehyde behaves like α-
oxoaldehydes instead of α,β-unsaturated ones, and acrolein and crotonaldehyde like 
alkanals. Because the optimum pH zone is slightly displaced to more alkaline values 
as compared to treated water (9.0–10.6 versus 8.1–10.2), a carbonate buffer solution 
(pH = 10.3, maximum buffer capacity) was used to adjust the derivatisation sample 
pH. The higher relative peak areas were obtained when this derivatisation pH was 
adjusted by adding 2 g of sodium carbonate and 1 g of anhydrous sodium hydrogen 
carbonate per 10 mL of urine sample (saturation). In addition, this provides an ionic 
strength of ca. 6.3 mol/L, enough for oxime extractions, and therefore no 
additional salting-out salt was required. (ii) The amount of derivatisation reagent 
and reaction temperature (oven temperature) increased slightly with respect to the 
procedure reported for treated water (see Table 1), which can be attributed to a 
probable urine matrix effect; and (iii) the addition of an organic modifier (n-hexane) 
Capítulo 5 
 
242   
did not enhance the volatilisation of any oxime-product, so no modifier was 
required. This difference in both protocols can be attributed to the nature of the 
target aldehydes studied in each case. In fact, aromatic aldehydes, only determined 
in treated water, required n-hexane to improve the volatilisation of PFBHA 
derivatives according to their lower volatility. 
 Finally, the potential matrix effect of real urine samples on the 
applicability of the proposed method for human urine analysis was evaluated by 
comparing the responses provided by different samples (10 mL) spiked with 2 μg/L 
of each EA, namely: ultra-pure water, “urine blank”, pure human urine and two 
human urines diluted 1:1 and 1:2 with ultra-pure water. No significant differences 
were observed among the relative peak areas obtained for each analyte in these 
instances, which demonstrated the absence of the urine matrix effect and testified 
to the applicability of the proposed method for the direct analysis of real urine 
samples. The absence of the urine matrix effect is a relevant feature of the proposed 
method since the determination of urinary aldehydes is simpler and provides greater 
sensitivity because no dilution of urine is required as in other methods reported in 
the literature [10,14,15,22]. This behaviour can be ascribed to the use of the static 
HS system for urine treatment (derivatisation/extraction with PFBHA) as in the 
determination of formaldehyde by HS–GC–ECD [20]. However, in a recent HS–
Table 1  
Selected variable values to determine aldehydes in human urine 
and treated water samples by HS–GC–MS. 
Conditions Human urine  Treated 
water a 
Chemical variables   
Sample pH 10.3 8.4  
PFBHA amount, µmol 40 30 
Ionic strength, mol/L  6.3 6.0 
Modifier (n-hexane), µL No required 200 
Instrumental variables   
Oven temperature, °C  85  80 
Equilibration time, min 20 20 
a Results obtained from [28] 
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GC–MS contribution for the direct determination of aldehydes (pentanal to octanal 
and benzaldehyde without derivatisation with PFBHA) in urine [14], it must be 
diluted 1:4 with ultra- high quality water to avoid the matrix effect. From these 
results, it can be inferred that the PFBHA derivatisation step plays an important 
role because it avoids the urine matrix effect as well as providing a possible increase 
in sensitivity as has been stated above. 
3.2. Method validation 
The method was validated according to ICH guidelines for bioanalytical 
method validation [29,30] by using “urine blank” since all the real human urine 
samples tested contained appreciable levels of the aldehydes in question. Table 2 
lists the ions monitored to identify and quantify each aldehyde as well as the figures 
of merits of the proposed method, while Fig. 1A shows the efficient separation of 
the target aldehydes under optimal experimental conditions. 
 
 Table 2 
 Analytical figures of merit for the determination of endogenous aldehydes. 
Compound m/z a LOD (ng/L) Linear range (μg/L) RSD, n = 11 (%)  
    Within-day Between-day 
Formaldehyde  181, 195, 225 1   0.005–5 5.1 6.0 
Acetaldehyde  181, 209, 239 2   0.01–10 5.2 6.2 
Propanal 181, 223, 236 4   0.01–10  5.3 6.4 
Acrolein  181, 221, 251 3   0.01–10 5.5 6.3 
Butanal  181, 226, 239 3   0.01–10 5.6 6.5 
Crotonaldehyde  181, 195, 250 3   0.01–10 5.4 6.2 
Pentanal  181, 207, 239 6   0.02–30 5.8 6.9 
Hexanal  181, 239, 295 6   0.02–30 5.9 6.8 
Heptanal  181, 207, 239 8   0.03–30 6.4 7.3 
Glyoxal  181, 418, 448 15   0.05–50 6.9 7.9 
Methylglyoxal  181, 432, 462 10   0.03–30 6.3 7.4 
Malondialdehyde  181, 250, 281 10   0.03–30 6.5 7.6 
a Base peak used for quantification was 181. 1,2-dibromopropane (IS): 42, 121 (base peak), 123. 
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 For both calibration and quantification, the sum of the isomer peak areas 
for each analyte was taken. In the cases of propanal and acrolein, the quantification 
was based on only one peak, due to partially overlapping chromatographic peaks. 
Calibration curves showed a linear range from 0.005 to 0.05 μg/L with adequate 
linearity (correlation coefficients higher than 0.995 in all cases). Limits of detection 
(LODs) determined as the lowest concentration of the analyte that can be reliably 
differentiated from the background level (signal-to-noise ratio = 3) [31], ranged 
from 1 to 15 ng/L. The precision of the proposed method, like the relative standard 
deviation (RSD), was evaluated by analysing 11 individual standard mixtures 
containing 2 μg/L concentration of each EA in the “urine blank” on the same day 
and three different days. As shown in Table 2, the repeatability (within-day) and the 
reproducibility (between-day) were satisfactory, with RSD average values of 5.9 ± 
0.6% and 6.9 ± 0.7%, respectively. 
Finally, the accuracy of the method (the matrix effect) was evaluated by 
using a recovery study, in which five “urine blank” samples were spiked with the 
aldehydes at two concentration levels (1 and 5 µg/L) and analysed in quintuplicate. 
The concentrations in the spiked samples were compared to those obtained from 
aqueous standards prepared in ultra-pure water. All compounds were found to have 
average recoveries between 92 and 95% for low and high amounts, respectively. 
Therefore, no significant matrix effect was observed in the determination of EAs 
compounds in urine blank samples.  
Table 3 shows a comparison of the analytical performance of the method 
to other analytical approaches for the determination of EAs in human urine. Some 
useful conclusions can be drawn with respect to this comparison: (i) as far as we 
know, the method proposed is the first contribution covering the determination of 
the most significant EAs in human urine; (ii) the LODs (ng/L levels) achieved by 
the proposed HS–GC–MS method are much lower than those achieved by recent 
GC–MS alternatives even with GC–ECD [18–20]; and (iii) both precision and 
recoveries are very satisfactory for the method proposed and better than those 
achieved by only the HS–GC–MS approach recently reported [14]. 
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Figure 1. GC–MS chromatograms (SIM mode) obtained in the 
analysis of 10 mL of (A) “urine blank” solution containing 5 µg/L of 
each EAs and (B) urine from a smoker (subject 2 in Table 4). Peak 
identification: 1, formaldehyde; 2, acetaldehyde; 3, propanal; 4, 
acrolein; 5, butanal; 6, crotonaldehyde; 7, pentanal; 8, hexanal; 9, 
heptanal; 10, glyoxal; 11, methylglyoxal; 12, malondialdehyde; IS, 





246   
3.3. Analysis of endogenous aldehydes in human urine 
The proposed HS–GC–MS method was applied to determine twelve EAs in 
different urine samples following the optimised method described in Section 2.3. 
The urine samples came from healthy volunteers as well as smokers and diabetic 
adults. In order to compare these volunteers’ urine aldehyde levels, concentrations 
of the aldehydes were normalised to creatinine to adjust differences in diuresis. This 
is a standard manner of expressing urinary compounds since urinary creatinine 
excretion is constant across and within individuals, and thus any changes in the ratio 
will reflect changes in endogenous compounds excretion. Normalisation was 
achieved by dividing aldehyde and creatinine concentrations, and the normalised 
concentration values were expressed as nmol aldehyde/mmol creatinine in human 
urine samples. For this purpose, the determination of creatinine in urine samples 
was performed in triplicate according to the Jaffe reaction as described by Campins-
Falco et al. [32]. Standard curves for creatinine determination were constructed by 
linear regression of the change in absorbance at 485 nm (reddish complex resulting 
from the reaction between creatinine and picric acid) versus known concentrations 
of creatinine.  
 
Table 3  
Comparing the analytical performance data of the reported methods to the one here presented for determining endogenous aldehydes in 
human urine samples. 
Aldehydes Derivatisation Method LOD (µg/L) RSD (%) Recovery (%) Ref. 
Pentanal to octanal, benzaldehyde No HS–GC–MS  0.04–0.08 6.1–17.9 86–120  [14] 
Malondialdehyde TCPH LLE and GC–ECD 2.16 3.9 90  [18] 
Formaldehyde, acetaldehyde, 
malondialdehyde, butanal, pentanal 
crotonaldehyde 
TCPH LLE and GC–ECD 0.6–2.16 4.6–6.1 85–95  [19] 
Formaldehyde PFBHA HS–GC–ECD 1.08 5.5 99 [20] 
Malondialdehyde, butanal TCPH HS–SDME and GC–MS 8, 6 3.9, 4.7 93.2, 100.4 [21] 
Glyoxal, methylglyoxal DDB LLE and GC–FID  20, 10 1.2, 1.8  98, 99  [22] 
Acrolein No HS–SPME and GC–MS 0.06 14.9 122 [23] 




PFBHA HS–GC–MS 0.001–0.015  6.0–7.9  92–95  
This 
work 
TCPH: 2,4,6-Trichlorophenylhydrazine; DDB: 2,3-Diamino-2,3-dimethylbutane; SDME:  Single-drop microextraction; SPME: Solid-
phase microextraction; FID: Flame ionization detection. Urine was diluted in [14] and [22]. 
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As can be seen in Table 4, all the aldehydes under study were detected in 
the human urine samples analysed. By way of example, Fig. 1B shows the SIM 
chromatograph obtained in the analysis of urine from a smoker (subject 2 in Table 
4). Because the results for some EAs exceeded their highest concentrations in the 
linear range studied (see Table 2), urine samples were appropriately diluted with 
“urine blank” before HS–GC–MS analysis. Some comments can be made about the 
data in Table 4: (i) there were no significant differences in the content of urinary 
aldehydes in healthy subjects except for formaldehyde and malondialdehyde: the 
urine from young subjects (regardless of gender) have a slightly higher content in 
the former and much lower in the latter (one of the major product of lipid 
peroxidation); (ii) as expected, the urinary content of acetaldehyde, acrolein and 
crotonaldehyde for smokers (regardless of age and gender) was higher than for non-
smokers. In fact, it is well-known that acetaldehyde and these α,β-unsaturated 
aldehydes are present in cigarettes at high levels (typically from ca. 560 ± 84, 59 ± 8 
and 16 ± 7 µg per cigarette for acetaldehyde, acrolein and crotonaldehyde, 
respectively [33]). Health consequences of these aldehydes were related to the 
increase in the addictive potential of tobacco products due to acetaldehyde via 
formation of adducts with biogenic amines [34] and to their important role in 
tobacco carcinogenesis [35]. On the other hand, slight increases were also observed 
for urinary content in hexanal and malondialdehyde for smokers. However, it is 
unclear if the exposition to these aldehydes due to cigarette smoking may cause 
damage to the respiratory tract like the above-mentioned α,β-unsaturated aldehydes; 
and (iii) the levels of urinary α-oxoaldehydes (glyoxal and methylglyoxal) as well as 
of short-chain aldehydes such as acetaldehyde and α,β-unsaturated aldehydes 
(crotonaldehyde and malondialdehyde) in diabetic adults were higher than those 
found in healthy people.  This behaviour is in agreement with the endogenous 
formation of these aldehydes by oxidation of the so-called advanced glycation end 
products (glycoxidation), which originate in the well-known Maillard reaction. This 
process of glycoxidation occurs when there is an excess of glucose coupled with 
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4. Conclusions 
In this work a simple, sensitive and environmentally friendly method based 
on the combination of HS with GC–MS was successfully developed to determine 
the most relevant and reactive EAs in human urine samples. To our knowledge, this 
is the first report on the use of HS–GC–MS for the simultaneous determination of 
these significant EAs in human urine. The results found in the method validation 
using real urine samples demonstrated that target aldehydes (short- and medium-
chain alkanals, α,β-unsaturated aldehydes and α-oxoaldehydes) could be directly 
detected with good accuracy without any interference from co-existing substances 
in un-diluted urine samples. The LODs afforded by the proposed HS–GC–MS 
Table 4 
Levels of EAs in assayed urine samples normalised to urine creatinine (Expressed in nmol aldehyde/mmol creatinine). 
Subject Age (sex) C1 C2 C3 AC C4 CRA C5 C6 C7   G     MG     MDA 
Healthy 
1  15 (female) 136 ± 9 17.2 ± 1.2 4.9 ± 0.4 6.6 ± 0.4 1.5 ± 0.1 19.4 ± 1.3 1.3 ± 0.1 2.0 ± 0.2 0.40 ± 0.03 4.9 ± 0.4 2.6 ± 0.2 0.12 ± 0.01 
2 16 (female) 132 ± 8 22.3 ± 1.4 4.2 ± 0.3 10.5 ± 0.7 1.4 ± 0.1 15.7 ± 1.1 1.8 ± 0.1 3.8 ± 0.3 0.68 ± 0.05 13.9 ± 1.1 4.8 ± 0.4 0.17 ± 0.01 
3  16 (male) 103 ± 7 27.0 ± 1.8 3.5 ± 0.2 13.2 ± 0.8 1.6 ± 0.1 16.7 ± 1.2 3.9 ± 0.3 2.1 ± 0.1 2.0 ± 0.1 10.3 ± 0.9 6.8 ± 0.5 0.16 ± 0.01 
4 17 (female) 119 ± 8 25.6 ± 1.9 4.7 ± 0.3 13.0 ± 0.8 2.6 ± 0.2 18.1 ± 1.1 1.8 ± 0.1 3.0 ± 0.2 0.88 ± 0.07 9.8 ± 0.8 3.4 ± 0.3 0.10 ± 0.01 
5 17 (female) 132 ± 9 24.4 ± 1.7 4.7 ± 0.3 6.2 ± 0.4 1.0 ± 0.1 15.7 ± 1.0 5.2 ± 0.4 2.0 ± 0.1 0.72 ± 0.06 7.7 ± 0.7 3.2 ± 0.2 0.13 ± 0.01 
6 27 (male) 72.1 ± 4.7 23.4 ± 1.6 4.4 ± 0.3 7.2 ± 0.5 1.3 ± 0.1 16.2 ± 1.1 2.6 ± 0.2 2.9 ± 0.2 1.3 ± 0.1 9.4 ± 0.8 3.4 ± 0.3 0.71 ± 0.06 
7 30 (female) 37.8 ± 2.4 15.9 ± 1.1 3.8 ± 0.3 6.5 ± 0.4 1.2 ± 0.1 19.2 ± 1.2 1.6 ± 0.1 1.9 ± 0.1 1.1 ± 0.1 6.7 ± 0.6 3.7 ± 0.3 0.59 ± 0.05 
8 52 (female) 109 ± 7 22.7 ± 1.6 5.3 ± 0.4 12.3 ± 0.8 3.9 ± 0.3 19.8 ± 1.3 3.5 ± 0.3 3.5 ± 0.3 1.6 ± 0.1 9.5 ± 0.8 4.5 ± 0.4 0.63 ± 0.05 
9 54 (female) 89.1 ± 5.5 24.5 ± 1.8 4.2 ± 0.3 6.6 ± 0.5 4.0 ± 0.3 16.1 ± 1.3 1.4 ± 0.1 4.1 ± 0.3 2.3 ± 0.2 11.0 ± 0.9 6.9 ± 0.6 1.3 ± 0.1 
10 56 (male) 71.9 ± 4.5 26.1 ± 1.7 3.5 ± 0.3 9.5 ± 0.6 1.2 ± 0.1 16.4 ± 1.1 2.7 ± 0.2 2.4 ± 0.2 1.1 ± 0.1 8.2 ± 0.7 4.4 ± 0.3 1.3 ± 0.1 
11 60 (male) 37.0 ± 2.5 18.2 ± 1.3 3.8 ± 0.3 6.9 ± 0.5 1.1 ± 0.1 16.8 ± 1.1 1.0 ± 0.1 2.6 ± 0.2 1.8 ± 0.1 8.2 ± 0.7 3.2 ± 0.3 1.1 ± 0.1 
Smoker 
1  30 (male) 96.8 ± 6.3 37.0 ± 2.6 3.2 ± 0.2 21.5 ± 1.4 2.1 ± 0.1 24.2 ± 1.8 3.2 ± 0.2 5.7 ± 0.4 1.5 ± 0.1 8.6 ± 0.7 3.3 ± 0.3 1.7 ± 0.1 
2 30 (male) 100 ± 7 37.2 ± 2.5 4.2 ± 0.3 26.1 ± 1.9 1.7 ± 0.1 24.6 ± 1.8 3.3 ± 0.2 6.5 ± 0.5 1.7 ± 0.1 9.6 ± 0.8 4.4 ± 0.3 1.9 ± 0.2 
 
Diabetic 
1 29 (female) 119 ± 8 42.6 ± 3.0 3.5 ± 0.2 13.4 ± 0.8 2.6 ± 0.2 25.5 ± 1.6 2.6 ± 0.2 3.5 ± 0.3 1.9 ± 0.2 30.8 ± 2.7 18.6 ± 1.4 2.5 ± 0.2 
2 81 (female) 123 ± 9 60.5 ± 4.3 5.2 ± 0.3 10.7 ± 0.7 4.8 ± 0.3 22.2 ± 1.5 2.4 ± 0.2 3.2 ± 0.2 2.2 ± 0.2 15.3 ± 1.3 8.5 ± 0.6 1.9 ± 0.2 
C1, formaldehyde; C2, acetaldehyde; C3, propanal; AC, acrolein; C4, butanal; CRA, crotonaldehyde; C5, pentanal; C6, hexanal; C7, heptanal; G, glyoxal; MG, methylglyoxal; MDA, 
malondialdehyde. 
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method (1–15 ng/L) are at least one order of magnitude lower than those provided 
by recent GC alternatives [14,18–21,23] reported for the analysis of similar carbonyl 
compounds in urine samples. The application of the method developed to quantify 
aldehydes in human urine samples showed signiﬁcantly differences in the 
concentrations of some aldehydes studied when comparing smokers and diabetics 
to healthy subjects. The analyses of these data can establish urine as a suitable 
matrix for the biomonitoring of aldehydes as markers of oxidative stress with 
respect to exposure to tobacco smoke and diabetes. In summary, the method could 
be considered as present as a reference method to determine these aldehydes in this 
type of samples since published papers have focused primarily on determining 
one/a few aldehydes. 
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Con el objeto de adquirir nuevos conocimientos en las técnicas de 
miniaturización de preparación de la muestra, se realizó una estancia de 4 meses en 
el Departamento de Química de la Universidad de Ioannina (Grecia). Durante el 
desarrollo de la estancia se han adquirido conocimientos acerca de los 
procedimientos de síntesis de nuevos nanomateriales funcionalizados así como sus 
aplicaciones analíticas en el contexto de la microextracción. 
La realización de esta estancia ha permitido también cumplir uno de los 





















  1-Butyl-3-aminopropyl imidazolium – functionalized 
graphene oxide as a nanosorbent for the extraction of steroids 
and β-blockers using dispersive solid–phase microextraction 
 
Abstract 
In this study, we describe the synthesis of graphene oxide functionalized 
with the ionic liquid 1-butyl-3-aminopropyl imidazolium chloride and its use as a 
sorbent for the simultaneous dispersive solid–phase microextraction (micro SPE) of 
four anabolic steroids and six β-blockers from aqueous samples of environmental 
importance, prior to their HPLC-diode array detector analysis. As the ionic liquid is 
immobilized on graphene oxide sheets, it is made possible for it to participate in the 
dispersive micro SPE procedure. The limits of detection and limits of quantification 
of the proposed method were found to be in the range of 6–20 ng/L and between 
20 and 70 ng/L, respectively. The linearity was satisfactory with the correlation 
coefficient ranging from 0.9940 to 0.9998 while the within- and between-day 
relative standard deviation of the method ranged between 3.1 and 7.6% and from 
4.0 to 8.5%, respectively. In order to test the applicability of the proposed method 
in real water samples, effluent waters from a municipal treatment plant as well as 
natural water samples from two rivers and a lake were collected and analyzed. After 
analysis of the aqueous samples, the municipal treatment plant water was fortified 
by spiking with the analytes at concentration, equal to 2 and 10 times the LOQs. 
Recoveries were calculated after subtracting the native concentration, in case of 
existing analytes. All the recoveries were in the range of 87–98%. The study attests 
to the superiority of the developed nanomaterial over graphene oxide and graphene 
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1. Introduction 
Among the emerging contaminants, pharmaceuticals and endocrine 
disrupting compounds are of particular concern due to their ubiquity in the aquatic 
environment and their effects on humans and marine organisms [1–3]. Out of the 
compounds reported, emphasis is placed on β-blockers (known also as β-adrenergic 
antagonists) due to their intensive use for the treatment of various cardiovascular 
disorders, poor degradability and inefficient removal by waste water treatment 
processes [4,5]. Likewise, among the endocrine disrupting compounds reported, 
steroids have been suggested as major contributors to the endocrine disrupting 
activity [6]. Both categories of chemical compounds are able to affect the balance of 
ecological systems even at extremely low concentrations. It is easy, therefore, to 
understand the necessity of their determination in the environment. Hitherto, 
various extraction techniques, such as membrane extraction [7], solid–phase 
extraction [8,9], solid–phase microextraction [10–13], liquid–phase microextraction 
[4,7,10,14–16] were used to extract these classes of compounds from aqueous 
matrices. These techniques possess pros and cons making each one more preferable 
than the others in different cases. 
Dispersive liquid–liquid microextraction is an alternative to the classical 
liquid–liquid extraction and includes solvent volumes, at microliters level [17]. 
Briefly, a mixture of an extracting and a dispersing solvent is rapidly injected in an 
aqueous sample and a cloudy solution is formed. In this way, the contact area 
between the sample and the extractant is maximized, the extraction time is limited 
and the efficiency increases [18]. Phases can be separated after extraction by 
centrifugation. Alternatively, a solid phase can be dispersed in an aqueous sample 
and therefore, the interactions between the two phases are maximized, resulting in a 
dispersive solid–phase microextraction mode (micro SPE). The analytical 
instruments used to carry out the separation and the analyses of the two classes of 
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Nanomaterials have sparked intense research interest in analytical chemistry 
because of their appealing properties [19,20]. The application of nanomaterials in 
extraction procedures, as stationary phases or sorbents, has undergone rapid 
growth, in recent years [21,22]. Various analytical procedures, based on 
nanomaterial extraction of analytes have been published, signifying their 
tremendous potential and usefulness. Graphene and its precursor, graphene oxide 
(GO), are nanomaterials with outstanding properties. Owning to miscellaneous 
chemical functional groups, such as epoxy, hydroxyl and carboxyl, it can 
conveniently be modified, chemically, with other compounds to foster the 
extraction yield and selectivity for specific analytes [23,24]. So far, various 
modifications to the GO layers, including functionalization with aminosilica and 
zero–valent iron particles [25,26] have been proposed. 
Ionic liquids (ILs) are organic salts, composed of cations and anions that do 
not crystalize in room temperatures [27]. Due to their intriguing properties, such as 
the tunable viscosity and miscibility, as well as the high solvation interactions both 
with polar and non-polar compounds, they have been utilized in chemical analysis 
[28–32]. They have been used mostly under the extraction principles of single-drop 
microextraction and dispersive liquid–liquid microextraction, [30] since they can 
increase the extraction efficiency of these techniques, for various classes of analytes. 
Lately, GO was also functionalized with ILs for various applications such as 
capacitors and supercapacitors, electrochemical analysis and various biosensors [33–
37]. The combination of the two major fields above mentioned, i.e. nanomaterials 
and ILs, it is made possible to design and develop new extractant materials with 
outstanding properties. The novel GO materials, modified with ILs, are expected to 
possess the advantages of both components of the functionalized material, resulting 
in new, advanced sorbents with tunable extraction capabilities. 
In this study, we describe the synthesis of GO, functionalized with the IL 1-
butyl-3-aminopropyl imidazolium chloride and its use as a sorbent for the dispersive 
micro SPE of four anabolic steroids and six β-blockers (Table 1), considered to be 
micropollutants in the aquatic environment, prior to their HPLC–diode array 
detector (DAD) analysis. Since the IL is immobilized on GO sheets, it is made 
possible for it to participate in the dispersive micro SPE procedure. The study 
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highlights the superiority of the developed nanomaterial over graphene oxide and 
graphene for the dispersive micro SPE of steroids and β-blockers. To the best of 
our knowledge, this is the first time that such a composite materials is employed in a 
microextraction procedure.  
 
 
Table 1. Structure and physico–chemical properties of the studied β-blockers and steroids. 








9.6 3.12 213 
Acebutolol 
 
9.2/13.9 1.95 231 
Clenbuterol 
 
9.6/14.1 2.94 210 
α-Zearalanol 
 
8.6/10.5 3.86 206 
Propranolol 
 
9.6 3.40 218 
Labetalol 
 
8.0/9.8 2.31 210 
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2. Experimental 
2.1. Chemicals and reagents 
Epitestosterone (≥98%), clenbuterol hydrochloride (≥95%), (S)-(−)-
propranolol hydrochloride (≥98%) and α-zearalanol (~97%) were purchased from 
Sigma (Madrid, Spain). Nandrolone (analytical grade), 17 β-trenbolone (analytical 
grade), labetalol hydrochloride (≥98%), 4-androstene-3,17-dione (analytical grade), 
acebutolol hydrochloride (analytical grade) and brombuterol hydrochloride 
(analytical grade) were supplied by Fluka (Madrid, Spain). N,N’-
dicyclohexylcarbodiimide (99%), 1-(3-aminopropyl) imidazolium (98%) and 1-
chlorobutane (99.5%) were purchased from Alfa Aesar (Karlsruhe, Germany). 
Graphite powder (99.9%), phosphoric acid (85% w/w), hydrochloric acid (37% 








19.4 2.27 356 
Nandrolone 
 
19.3 3.01 240 
Androstenedione 
 
19.0 2.89 218 
Epitestosterone 
 
19.1 3.47 245 
ChemAxon (http://www.chemicalize.org), [38] 
a Identified from our experiments. 
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(Sigma–Aldrich–Hellas, Greece). Solvents and other reagents were at least of 
analytical grade. Individual stock standard solutions of each compound were 
prepared in acetonitrile, at concentrations of 1.0 or 2.0 mg/mL. Further dilutions 
were made with acetonitrile. All solutions were stored in screw-capped amber-glass 
vials, at −18 ºC. 
2.2. Synthesis of graphene oxide 
In brief, 133 mL of a 9:1 mixture of concentrate H2SO4/H3PO4 were added 
to a mixture of graphite powder (1.0 g) and KMnO4 (6.0 g). The temperature was 
maintained at ~50 ºC under stirring, for 24 h. After that, the solution was cooled 
down to room temperature, and cool water (130 mL) containing 6 mL of H2O2 
was added in an ice bath. After settling overnight, the supernatant was decanted 
away and the remaining solid was stirred overnight after the addition of 30 mL of 
concentrate HCl. The mixture was centrifuged for 10 min at 4000 rpm and washed 
several times with double distilled water (DDW) till pH ~7. Finally, the solid was 
washed with pure ethanol (3×25 mL) followed by centrifugation. Ethanol was 
decanted away and the remaining GO was dried into an oven at 60 ºC. 
2.3. Synthesis of 1-butyl-3-aminopropyl imidazolium chloride 
One mL of 1-chlorobutane was added to 940 µL of vigorously stirred 1-(3-
aminopropyl) imidazole. The mixture was refluxed at 120 ºC, for 24 h. After cooling 
down to room temperature, 4 mL of ethyl acetate was added and the whole mixture 
was stirred at 90 ºC, for 30 min. The resulting mixture was placed at −18 ºC, for 2 
h, the supernatant was decanted away and the remaining product (the IL) was dried 
overnight into an oven at 60 ºC. 
2.4. Synthesis of GO-IL 
An amount of 700 mg of the synthesized IL (i.e. 1-butyl-3-aminopropyl 
imidazolium chloride) along with 160 mg of N,N’-dicyclohexylcarbodimide were 
added, under ultrasonication, into a suspension of GO (320 mg in 100 mL of 
dimethyl sulfoxide). The mixture was stirred under reflux at 50 ºC, for 24 h. The 
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solid product was collected via centrifugation, washed three times with DDW and 
twice with ethanol and finally dried overnight into an oven at 50 ºC. 
2.5. Dispersive solid–phase microextraction 
A volume of 150 mL of an aqueous sample was placed in a glass beaker. 
Then 6.0 g of Na2SO4 and 30 mg of the sorbent (GO-IL) were added and 
ultrasonicated for 1 min to disperse the sorbent. The sample was magnetically 
stirred at 800 rpm for 15 min, centrifuged at 3000 rpm for 2 min and the 
supernatant was discarded. The sorbent was washed once with DDW and dried, 
under a gentle stream of nitrogen. The analytes were eluted with 2×300 µL of 
acetonitrile containing 2% ammonia, under ultrasonication for 1 min. After 
centrifugation, the elution solvent was transferred to an eppendorf vial, the solvent 
was evaporated to dryness and finally, reconstituted with 30 μL of acetonitrile, prior 
to the HPLC–DAD analysis. Typical chromatograms of the separation, at two 
different wavelengths (254 and 300 nm) are depicted in Fig.1. 
 
Figure 1. Chromatographic 
separation of steroids and β-
blockers, at 254 (upper) and 
300 nm (lower). Peak 
assignment:                         
1. Brombuterol;                  
2. Acebutolol;                     
3. Clenbuterol;                    
4. 17 β-Trenbolone;             
5. Labetalol;                          
6. Nandrolone;                    
7. α-Zearalanol;                   
8. Propranolol;                    
9. Androstenedione; and   
10. Epitestosterone. 
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2.6. Characterization of the sorbent – chromatographic conditions 
Elemental analysis was performed on a Vario Macro CNS (Elemental 
Analyzensysteme GmbH, Hanau, Germany). Ultrasonication was performed on an 
Elmasonic S40 unit, purchased from Elma, Germany. To characterize the 
functionalized graphene and ensure its proper fabrication, FT-IR spectra were 
recorded on a Spectrum Two FT-IR using an attenuated total reflectance accessory 
(Perkin Elmer Inc., MA, USA). High resolution– transmission electron microscope 
(HR–TEM) images were obtained with a JEOL JEM-2100 microscope operated at 
200 kV and a LaB6 filament. The specimens for analysis were prepared by 
dispersing the powdered samples in ethanol using an ultrasonic bath. A drop of the 
resulting suspensions was placed on carbon-coated copper grids. 
The zero point of charge (ZPC) was determined in degassed 0.01 M NaNO3 
solutions, at 20 ºC. Thirty mL of 0.01 M NaNO3 solutions were taken and mixed 
with 30 mg of nanosorbent, in different beakers. The pH values of the solutions 
were adjusted to 2, 3, 4, 5, 6, 7, 8, 9 using solutions of HNO3 and NaOH. The initial 
pH of the solution was recorded with an Autocal PHM83 pH meter from 
Radiometer (Copenhagen, Denmark) and each flask was covered with parafilm and 
shaken for 24 h. The final pH values of the solutions were recorded and the 
difference between initial and final pH – the so-called ΔpH – was plotted against 
the initial pH values. The ZPC values were calculated from ΔpH vs. pH plots, at the 
pH where ΔpH = 0. 
Analysis was carried out on a Shimadzu HPLC system coupled to a DAD. 
The system consisted of an LC20AD pump, a CTO 10AS column oven and a SPD-
M20A DAD. The injected volume was 20 μL. The column used for the separations 
was a Hypersil BDS C18 (200 mm × 4.0 mm, 5 μm particle size) from MZ-
Analysentechnik (Analysentechnik, GmbH, Germany). The column temperature 
was kept at 30 °C. The mobile phase consisted of water (A) and acetonitrile (B), 
adjusted to pH 2.5 using formic acid. A gradient program was employed for 
separation of the target analytes, as follows: 25 to 34% B for 35 min, to 50% B for 
15 min and finally to 25% for 5 min, followed by 30 min re-equilibration time of the 
column. The flow rate of the mobile phase was set at 1.0 mL/min. The detector 
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was set at a wavelength range of 200–300 nm. Data acquisition and processing was 
carried out, using a LC-solution software version 1.21. 
3. Results and discussion 
3.1. Synthesis and characterization of the GO-IL 
The two-step synthetic procedure for GO-IL sorbent is schematically 
illustrated in Fig. 2. The amine-terminated IL was synthesized by refluxing 1-
chlorobutane with 1-(3-aminopropyl) imidazole, which in turn, functionalized the 
GO through the formation of amide bonds with carboxyl groups.  
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The HR-TEM images were used to characterize GO-IL by its 
morphological structure. As seen in Fig. 3, GO and GO-IL exhibit transparent, 
layered structure with a smooth surface and many wrinkles. 
 
Figure 3. TEM images of graphene oxide (left) and graphene oxide-1-butyl-3-
aminopropyl imidazolium chloride (right). 
 
The ZPC of the GO-IL was 5.6 a bit higher than that of GO, which was 
determined to be 3.8. This confirms the significant positive shift in surface charge 
imparted by the covalent attachment of the cationic imidazolium moiety on GO-IL, 
in contrast to GO ZPC ascribed to surface carboxyl and hydroxyl groups produced 
during chemical oxidation. The sorbent exhibits a negative charge state above ZPC; 
the more basic the pH of the solution, the higher was the magnitude of the negative 
charge on GO. Elemental analysis of the material resulted in nitrogen and carbon 
content of 6.34% and 53.6%, respectively, indicating the introduction of the IL on 
GO. 
The oxygen-containing functional groups and imidazole were confirmed in 
GO and GO-IL by FT-IR (Fig. 4). The characteristic bands appear for C=O (1736 
cm−1), aromatic C−C (1619 cm−1), epoxy C−O (1225 cm−1) and alkoxy C−O (1040 
cm−1) confirming the successful oxidation of graphite. The IL exhibits a typical 
strong peak centered at about 1564 cm−1 corresponding to the stretching frequency 
of the functional group −C=N while both peaks at 1165 and 1563 cm−1 are 
attributed to the stretching vibration of imidazole ring. Moreover, the IL exhibits a 
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characteristic >N+C3H7 vibration, at 2856 cm
−1. Finally, the appearance of a peak at 
1648 cm−1 provides strong evidence of formation of the amide linkage between –
COOH of GO and NH2–IL [39]. 
 
 
Figure 4. FT-IR spectra of IL, GO and GO-IL. 
 
3.2. Optimization of the proposed procedure 
The parameters affecting the extraction include the pH and the ionic 
strength of the sample, the sample volume, the quantity of the extractant, the 
stirring time and stirring rate of the mixture during the extraction. In addition, the 
elution of the analytes was optimized by selecting the optimum elution solvent and 
best elution time. Finally, the influence of the presence of humic acid in the samples 
was evaluated. All of the above mentioned parameters were tested in water samples 
previously spiked with each target analyte, at a concentration of 5 μg/mL. The 
criterion used to evaluate the optimum conditions was the total chromatographic 
area of the analytes. 
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The pH value of the sample matrix can affect the ionization status of the 
analytes and the surface charge of the extractant. For this reason, the influence of 
varying pH values was studied over the range of 2.0–12.0. The pH adjustment was 
done by dropwise addition of 1M HCl or NaOH solutions. The extraction yield of 
steroids and β-blockers by the GO-IL remained invariable over a wide pH range of 
2.0 to 11.0. Further increase in the pH up to 12.0 was associated with a decrease in 
the extraction yield, which was more pronounced for α-zearalanol and propranolol 
(around 30%). Therefore, all subsequent experiments were conducted at native 
(unadjusted) pH. 
Practically, neutral and ionizable micropollutants can interact with the 
microextraction sorbent through hydrophobic, π-π and electrostatic interactions, 
depending on their pKa values. GO-IL is charged positively over a broad pH range 
due to the imidazole ring, let alone below the ZPC (pH 5.6); negative charges are in 
abundance above this value. Steroids are neutral and hence hydrophobic throughout 
the entire pH range (pKa ~19) and therefore, hydrophobic attraction between the 
compounds and GO-IL was the dominant sorption mechanism. As regards β-
blockers, their interactions with the sorbents are broader. Brombuterol, clenbuterol, 
labetalol and propranolol are protonated (at the secondary amino group) up to pH 
~10 while at higher pH the neutral species dominate. Apart from hydrophobic and 
π-π interactions, electrostatic interactions can be predicted, above the ZPC. 
Moreover, protonation would make the amino group an effective π-electron 
acceptor (the σp Hammett constant of –NH3
+ is 0.60 [40]) and would favor the 
sorption mechanism of π-π electron donor-acceptor interactions; this is consistent 
with the observed effects of pH on sorption. 
As regards ionic strength, it is well known that it may affect the electrostatic 
and hydrophobic interactions between the adsorbate and the solid sorbent. Thus, it 
is crucial to study the effect of ionic strength on the sorption behavior of steroids 
and β-blockers from the sorbent material. Two different salts were used, the NaCl 
and Na2SO4 at concentrations in the range of 1–5% (w/v). Increasing the ionic 
strength of the solution resulted in an increase in the extraction yield for both 
classes of compounds, as can be seen in Fig. 5. The presence of salt caused a 
salting-out effect, with Na2SO4 to be more potent as a salting-out factor, 
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presumably via decreasing the solubility of analytes, thereby enhancing their 
sorption on GO-IL. Therefore, this salt was finally selected at a concentration of 
4%. Further increase in the quantity did not affect the analytical signal of steroids 
but scarcely influences the extraction efficiency of β-blockers by slightly decreasing 
it. In this case, salting-out effect is predominant and increases the extraction 
efficiency but as the salt content increases, electrostatic interaction may contribute 
to the decrease in the extraction efficiency.  
Figure 5. Effect of ionic strength on the extraction efficiency. 
 
For the purpose of studying the sample volume effect, the concentration of 
the analytes was kept constant for all volumes tested (10–150 mL) and then the 
experiment was repeated for constant amount of spiked analytes. According to the 
results obtained, when increasing the sample volume (constant concentration) the 
analytical signals also increase, whereas in the case of same analytes amount, the 
chromatographic areas remained practically constant. In order to increase the 
enrichment factor of the method, 150 mL was selected as the optimum volume, 
making it suitable to be used for relatively large volumes of water. The next step 
was the optimization of the sorbent quantity in the range of 10 to 50 mg. The total 
chromatographic areas increased significantly, when the sorbent amount increased 
up to 30 mg. Further increase in the sorbent amount did not cause any change to 
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chromatographic areas, indicating that the enrichment ability of the sorbent, 
reached a plateau. 
The stirring rate and time effects were tested using three different agitation 
rates (400, 600 and 800 rpm) in combination with three different time intervals (15, 
30 and 60 min). In general, an increase in the stirring rate resulted in an accelerated 
mass transfer rate of the analytes from the sample to the sorbent material. Out of all 
the combinations tested, the same optimum results were obtained by 15 min–800 
rpm, 30 min–600 rpm, 60 min–400 rpm combinations. Since the results were 
invariably the same in the above mentioned cases, 15 min of stirring, at a rate of 800 
rpm was selected, in order to limit the sample preparation time. 
Another issue which is also considered for practical applications is the effect 
of humic acid due to its occurrence in natural waters. The interaction of 
nanomaterials with humic acid alters the surface properties of the particles [26]. An 
appraisal of the humic acid effect on the efficiency of the extraction was carried out 
at tested concentrations varying from 1 to 10 μg/mL. An insignificant decrease in 
the total chromatographic area (~12%) was observed when 10 μg/mL of humic 
acid was added. The decrease in the analytical signal was less important at lower 
concentrations of humic acid. 
Finally, desorption of the analytes was also optimized by testing three 
organic solvents i.e. acetonitrile, methanol and isopropanol. Acetonitrile exhibits the 
highest elution yield, compared to the other two solvents. Evidently, the higher 
polarity index of an eluent the more appropriate it is for the desorption of the 
analytes from the sorbent material. Therefore, among the three solvents, acetonitrile 
was selected as the optimum. In order to check if the elution of the analytes is 
complete, a second elution step with acetonitrile was carried out. Our results 
demonstrated that the elution was inadequate to recover all analytes from the 
sorbent using only acetonitrile, as the desorption yield was lower than 60% for all 
analytes studied. In an effort to enhance the desorption yield, ammonia was added 
to the elution solvent at various percentages (from 1–5% v/v). The addition of 2% 
of ammonia was adequate to increase significantly the total chromatographic areas 
and therefore the efficiency of the procedure; further increase was not proved any 
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more effective. So, 2% of ammonia in acetonitrile was picked as the best eluent. 
Then, the volume of the eluent was also tested in an effort to maximize the 
desorption of the analytes. A volume of 600 μL almost doubled the desorption of 
the analytes, compared to the 300 μL that were originally used. Further increase in 
the quantity of the eluent was not accompanied by an increase of the analytical 
signal and therefore, 600 μL was selected. Since ultrasonication was also applied to 
the elution process, the time of the ultrasonication was studied in order to desorb 
more efficiently the analytes from the sorbent material. The highest areas were 
obtained by ultrasonicating the sorbent for 1 min. Ultrasonication for longer times 
was not proved more effective. So, 1 min was selected as the best option. 
3.3. Reusability of the material 
It would be advantageous if the material could be used again, in more than 
one sorption-desorption cycles, without loss of its effectiveness. For this reason, the 
reusability of the synthesized material was studied. The experiments conducted 
demonstrated that the proposed material can be used for at least three consecutive 
extractions of analytes successfully, without any loss of efficiency. 
3.4. Method validation 
Under the optimum conditions, the analytical performance of the proposed 
method for the determination of the targeted analytes was evaluated. The results 
can be seen in Table 2. 
The limits of detection (LODs) were calculated based on signal-to-noise 
ratio (S/N) of 3 while the limits of quantification (LOQs) were based on S/N ratio 
of 10. The LODs were found to be in the range of 6–20 ng/L while the LOQs were 
ranging between 20 and 70 ng/L. The linearity of the method was evaluated by 
analyzing spiked water samples with various concentrations of the analytes (0.1–25 
μg/L). The linearity was good with the correlation coefficient ranging from 0.9940 
to 0.9998. Furthermore, the RSD of the method within day and between three 
different days was examined by analyzing triplicate samples. The intra-day RSD 
ranged between 3.1 and 7.6% while the inter-day RSD ranged from 4.0 to 8.5%.  
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Enrichment factor (𝐸𝐹) is defined as the ratio of analyte concentration in 
the sedimented phase to the initial concentration in the aqueous phase, as shown in 





Where 𝐶𝐺𝑂−𝐼𝐿  and 𝐶𝑎𝑞 are the analyte concentration in GO-IL phase 
obtained from a suitable calibration curve and the initial concentration in aqueous 
phase, respectively. 
The extraction yield (𝑌%), defined as the percentage of the total analyte 




× 100  
Where 𝐶𝐺𝑂−𝐼𝐿 and 𝐶𝑎𝑞 are the concentrations of the analyte in the GO-IL 
phase and initial aqueous sample (𝑉𝑎𝑞), respectively. The calculations of the above 
mentioned preconcentration criteria can be seen in Table 3 and show that 
enrichment factors are highly satisfactory with low consumption of organic solvent 
and extraction is almost quantitative (from 82.7 to 96.9). 












RSD within day 
(%) 
RSD between day 
(%) 
Brombuterol 6.50 y = 1.24×105 x + 2066 0.9998 40 10 5.3 6.5 
Acebutolol 10.38 y = 1.00×105 x + 13114 0.9996 40 10 5.8 6.9 
Clenbuterol 14.05 y = 2.15×105 x + 7811 0.9940 20 6 3.1 4.0 
17β-Trenbolone 16.60 y = 9.50×104 x - 10197 0.9980 40 10 5.9 6.9 
Labetalol 18.05 y = 5.69×104 x - 6071 0.9980 70 20 7.6 8.5 
Nandrolone 20.50 y = 9.68×104 x + 8867 0.9996 40 10 5.7 6.4 
α-Zearalanol 23.65 y = 2.25×105 x + 15667 0.9990 20 6 3.3 4.3 
Propranolol 25.80 y = 1.45×105 x + 2962 0.9990 30 10 4.1 4.9 
Androstenedione 32.25 y = 5.56×104 x + 12776 0.9990 70 20 7.5 8.1 













3.5. Analysis of real samples 
In order to test the applicability of the proposed method in real water samples, 
effluent waters from the municipal treatment plant of Ioannina (Greece) as well as 
natural water samples from Axios and Loudias river (Macedonia, Greece) and 
Pamvotis lake (Ioannina, Greece) were collected and analyzed. The identification of 
the analytes was based on the retention times and matching with the UV-spectra of 
pure substances. The results presented in Table 4 underline the need for 
monitoring them in the environment, as some of them are quantified at reasonable 
concentrations. After the analysis of the aqueous samples, the water from the 
municipal treatment plant was fortified with the analytes at concentrations equal to 
2 and 10 times the LOQs. The spiked samples were analyzed in order to calculate 
the recoveries of the analytes using the proposed method. Recoveries were 
calculated after subtracting the native concentration in case of existing analytes. All 
the recoveries were in the range of 87–98%. 
 





Brombuterol 4279 85.6 
Acebutolol 4198 83.9 
Clenbuterol 4250 85.0 
17β-Trenbolone 4624 92.5 
Labetalol 4738 94.8 
Nandrolone 4137 82.7 
α-Zearalanol 4567 91.3 
Propranolol 4843 96.9 
Androstenedione 4428 88.6 
Epitestosterone 4552 91.0 
a EF: Enrichment factor considering a final volume of 30 μL. 
b 
Y%: extraction yield. 
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3.6. Comparison with other materials and methods 
Graphene and graphene oxide were also tested for their ability to extract the 
targeted analytes. It was found that graphene was unable to extract any of the 10 
analytes studied from the aqueous matrixes. This can be justified by its 
hydrophobicity and low dispersibility in aqueous matrixes. In contrast, GO was 
capable of extracting only three, i.e. 17 β-trenbolone, androstenedione and α-
zearalanol, out of the ten analytes, but with significantly lower efficiency, compared 
with the synthesized GO-IL material. These experiments attest to the superiority of 
the suggested functionalized GO, compared with the other two graphite-
nanomaterials. 
In order to achieve improved extraction capability of the sorbent material, 
graphene oxide was also functionalized with 1-butyl-3-aminopropyl imidazolium 
bromide instead of chloride form. It was found that the resulting material was 
almost 80% less efficient for the extraction of the target analytes, as compared to 
the GO functionalized with the respective chloride IL. Moreover, following the 





















Brombuterol 41.0 20.1 0.9 38.1 91 96 
Acebutolol n.d. 0.4 1.2 <LOQ 94 97 
Clenbuterol n.d. 3.1 n.d. n.d. 87 90 
17 β-Trenbolone 0.30 n.d. n.d. n.d. 92 93 
Labetalol n.d. n.d. 236 1.9 94 96 
Nandrolone 31.0 87.2 n.d. n.d. 89 91 
α-Zearalanol 1.2 n.d. n.d. 66.2 91 92 
Propranolol n.d. n.d. n.d. n.d. 97 98 
Androstenedione n.d. 3.9 n.d. 1.2 89 90 
Epitestosterone 0.2 n.d. 0.6 <LOQ 91 92 
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same procedure under sections 2.4 and 2.5, GO was functionalized with 1-octyl-3-
aminopropyl imidazolium chloride to render the sorbent more hydrophobic, than 
the proposed one. The resulting sorbent was barely dispersed in the water and that 
was probably the reason for lower extraction yields by almost 60%.  
A comparison of the analytical performance of the proposed GO-IL 
sorbent and developed analytical method with other analytical approaches for the 
determination of steroids and β-blockers is shown in Table 5; the following 
conclusions can be drawn: (i) the proposed dispersive micro SPE/LC–DAD 
method covers both steroids and β-blockers, while the other methods only 
determine one class of compounds; (ii) the SPE method here proposed employs a 
new nanosorbent material (GO-IL) with a wide range of extraction capabilities, 
whereas the alternatives employ conventional sorbents (Oasis [4,41] and IonPac 
[15]); (iii) SPE and LLE methods require 8 or 2.5 mL of eluent/extractant 
[4,5,15,16,41] and our method only needs 0.6 mL; (iv) the LODs (ng/L levels) 
achieved by the proposed method were higher than those provided by SPE 
alternatives [4,15,41], although they only include 1–3 species and use tandem 
MS/MS detectors; and (v) both precision and recovery is satisfactory by the 
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Este Capítulo versa sobre un resumen de los resultados más relevantes 
alcanzados en esta Memoria dentro de los hitos marcados en la misma. Con dicho 
fin, los resultados experimentales se han dividido en tres bloques. En el primero se 
indican los analitos diana, las muestras analizadas y los estudios de conservación de 
las mismas. En el segundo bloque se discuten los métodos desarrollados para la 
determinación de compuestos carbonílicos halogenados y no halogenados, haciendo 
especial énfasis en las ventajas e inconvenientes de cada uno de ellos en relación con 
la aportación científica realizada. En el último bloque se incluyen los aspectos más 
importantes en relación a las aplicaciones de las metodologías desarrolladas.  
En este contexto, la aportación más relevante de esta Memoria es el 
desarrollo de metodologías específicas para la determinación de estas especies en 
agua tratada, así como la determinación de compuestos carbonílicos no halogenados 
en orina humana. 
1. Analitos, muestras y conservación 
1.1. Analitos 
 En cuanto a los analitos estudiados durante el desarrollo de la Tesis 
Doctoral, se trata fundamentalmente de compuestos carbonílicos no regulados, y 
entre ellos, primeramente se abordaron los aldehídos alifáticos y aromáticos de bajo 
peso molecular (LMMAs) y haloacetaldehídos (HAs). Estos últimos son la tercera 
familia de DBPs más abundante en agua tratada, después de los trihalometanos y 
ácidos haloacéticos, cuando se utiliza cloro y/o derivados para desinfectar, mientras 
que los LMMAs son los principales subproductos tras la desinfección con ozono. 
Por lo tanto, se han seleccionado los 7 HAs y 13 LMMAs (5 alifáticos, 6 aromáticos 
y 2 dicarbonílcos) que pueden aparecer como subproductos de desinfección en el 
agua tratada. Además, al final de la Tesis Doctoral se aborda el estudio de otros 
DBPs emergentes, como son las halocetonas (HKs), así como LMMAs insaturados 
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1.2. Tipos de muestras y su conservación 
El agua tratada (potable y piscina) es el tipo de muestra objeto de estudio de 
esta Memoria porque es dónde aparecen fundamentalmente estos compuestos 
como consecuencia de la desinfección de la misma (Capítulos 3, 4 y 5). Sin 
embargo, también se han analizado muestras de orina humana (Capítulo 5) porque 
puede aparecer compuestos carbonílicos no halogenados como consecuencia del 
estrés oxidativo.  
A continuación se describe de manera detallada los métodos de 
conservación de las distintas muestras estudiadas. 
1.2.1. Agua tratada 
Durante el tratamiento de potabilización del agua se produce una reacción 
entre la materia orgánica presente en la misma y el desinfectante, generándose los 
compuestos carbonílicos objeto de estudio, entre otros. En el caso de estos 
compuestos, y debido a su volatilidad, tanto la toma como la conservación del agua 
es fundamental para asegurar la estabilidad de estos compuestos y obtener 
resultados fiables. Por ello, todas las muestras de agua se recogieron en botes de 
vidrio ámbar (100–125 mL) sin dejar espacio de cabeza. Los botes se cerraron 
herméticamente y se transportaron en nevera al laboratorio donde se conservaron a 
4 ºC hasta su análisis, período que nunca excedió de 2 días. Si el tiempo entre la 
toma de muestra y el análisis de la misma es superior a 2 días, se conservaron a –20 
ºC siendo en este caso los analitos estables hasta 30 días. 
Además, desde la toma de muestra hasta su análisis, el desinfectante residual 
puede continuar reaccionando con la materia orgánica generándose más DBPs, a 
menos que se añada un agente declorante. 
Compuestos carbonílicos halogenados 
En la bibliografía hay ciertas controversias sobre el agente declorante idóneo 
para los HAs (principalmente tricloroacetaldehído o hidrato de cloral, CH). El 
Método EPA 551.1, establecido para compuestos orgánicos volátiles (VOCs), 
propone NH4Cl como agente declorante para todos los VOCs excepto para el CH, 
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para el cual propone Na2SO3. Otras investigaciones más recientes recomiendan la 
adición de ácido ascórbico sólo o en mezcla con ácidos diluidos (pH, 3.5–4.5). Con 
vistas a dilucidar el mejor agente para la conservación de los 7 HAs, se adicionó 
Na2SO3 o ácido ascórbico a las muestras de agua. Los acetaldehídos bromados se 
degradaron en presencia de Na2SO3 a sus correspondientes trihalometanos, por lo 
que se descartó. El siguiente experimento se centró en la adición de ácido ascórbico 
sólo o con H2SO4 diluido (pH, 3.0–3.5) con el objeto de estabilizar los analitos en la 
muestra. De este estudio se puede concluir que la adición de ácido ascórbico y 
H2SO4 diluido proporcionó los mismos resultados que cuando sólo se ajusta el pH 
de la muestra a 3.0–3.5, permaneciendo estables los 7 HAs hasta 14 días a 4 ºC. 
Estos resultados demuestran que no es necesario añadir ninguna sal declorante 
cuando se ajusta el pH de la muestra con H2SO4 diluido (pH, 3.0–3.5). Es la primera 
vez que se propone la acidificación del agua como medio de conservación. 
En lo referente a las HKs, y en concreto a la 1,1-DCA y 1,1,1-TCA, el 
Método EPA 551.1 propone NH4Cl como agente declorante, aunque también se ha 
propuesto Na2S2O3, y ácido ascórbico para mantener estables hasta 10 HKs. La 
estabilidad de HKs en agua tratada se estudió con estas sales (NH4Cl, Na2S2O3  y 
ácido ascórbico), así como con (NH4)2SO4 porque se recomienda como agente 
declorante para otros VOCs. Como resultado, las especies bromadas se 
descomponen en presencia de NH4Cl, Na2S2O3 y (NH4)2SO4, lo cual se puede deber 
al pH neutro/alcalino de la muestra en presencia de estas sales. El mayor porcentaje 
de degradación se obtiene cuando se añade Na2S2O3 como agente declorante, 
debido probablemente a la deshalogenación reductiva de estas especies bromadas en 
su presencia. De nuevo se obtienen los mejores resultados cuando se emplea ácido 
ascórbico con H2SO4 diluido (pH 3.5), ya que las 14 HKs (excepto 1,1,1-
tribromoacetona) permanecen estables hasta 7 días. Por ello se ensayó simplemente 
la acidificación del agua (pH, 1.5–3.5) como otra forma de conservación, 
manteniéndose esta vez todas las HKs estables durante 7 días a 4 ºC. Así, de nuevo 
se demuestra que cuando se ajusta el pH del agua con H2SO4 diluido (pH, 1.5–3.5) 
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Además, como se comentará posteriormente, estas especies se extraen en 
medio ácido (HKs, pH 1.5; HAs, pH 3.0), por lo que se simplifica el método 
analítico. 
Compuestos carbonílicos no halogenados 
En lo referente a los LMMAs, y más concretamente aldehídos alifáticos 
(C1–C5, glioxal y metilglioxal) y benzaldehído entre otros, el Método EPA 556.1 
propone añadir (NH4)2SO4 como agente declorante al agua tratada, además de 
CuSO4·5H2O, un biocida que evita la degradación microbiológica de estos 
compuestos. En este estudio se demuestra que cuando no se añade este biocida a la 
muestra la recuperación de los aldehídos alifáticos C2–C5 es de ~21% y la de 
metilglioxal un 68% a los 6 días, mientras que el formaldehído aumenta su 
concentración casi un 50% en dicho tiempo. Sin embargo, cuando se añade el 
biocida, estos compuestos permanecen estables en las muestras de agua hasta 14 
días. Por este motivo, para estas especies se añaden sales de CuSO4·5H2O y 
(NH4)2SO4 (50 mg de cada sal por 100 mL de muestra) al bote de muestra antes de 
la toma.  
1.2.2. Orina humana 
Los compuestos carbonílicos no halogenados pueden aparecer en orina 
humana fundamentalmente como consecuencia del estrés oxidativo de las células. 
Las muestras de orina analizadas en la Tesis Doctoral fueron suministradas 
fundamentalmente por individuos sanos, algunos de ellos fumadores, y dos que 
presentan diabetes. Se debe tener en cuenta una serie de precauciones durante la 
toma y la conservación de la muestra para que la obtención de los resultados sea 
fiable. En todos los casos, las muestras se tomaron a primera hora de la mañana en 
ayunas, utilizando botes de polietileno de 100 mL esterilizados, hasta rebose y se 
cerraron herméticamente. Las muestras se transportaron en neveras portátiles al 
laboratorio y se analizaron generalmente tras su llegada, aunque se pueden 
conservar a 4 ºC durante 72 h. Si el tiempo de conservación excedió de las 72 h, se 
pueden conservar a –20 ºC hasta 30 días. 
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2. Desarrollo de metodologías para la determinación de 
compuestos carbonílicos 
A lo largo de la presente Memoria se han desarrollado metodologías 
miniaturizadas o automáticas, simples y sensibles, para la determinación de 
compuestos carbonílicos en agua tratada. La técnica de microextracción líquido-
líquido y la de espacio de cabeza estático son las más aplicadas en la Tesis Doctoral 
por lo que serán discutidas con más detalle. 
2.1. Métodos de extracción 
2.1.1. Microextracción líquido-líquido 
La microextracción líquido-líquido (MLLE), desarrollada por primera vez en 
esta Memoria, es una modalidad de LPME que se basa en la miniaturización de la 
LLE convencional, reduciendo tanto como sea posible el volumen de extractante. 
En esta modalidad se emplean extractantes convencionales que presentan buenas 
prestaciones cromatográficas (n-hexano, MTBE, acetato de etilo, etc.) y se consigue 
una extracción exhaustiva, a diferencia de otras modalidades de LPME descritas en 
la bibliografía.  
Además, esta modalidad de microextracción se ha combinado con un 
inyector de elevados volúmenes con temperatura programable (LVI–PTV) en el 
modo de venteo del disolvente. Este tipo de inyector presenta una serie de ventajas 
respecto a un inyector convencional: 1) minimiza la descomposición térmica de 
analitos termolábiles; 2) incrementa la sensibilidad del método en uno o dos órdenes 
de magnitud; y 3) prácticamente no genera residuos por la inyección de casi todo el 
extracto, lo cual está en consonancia con los principios de la “Química Verde”. 
El modo de venteo del disolvente permite la inyección de más de 100 µL de 
muestra en un liner "frío". En este contexto, la palabra "frío" significa que la 
temperatura del inyector debe estar por debajo del punto de ebullición del 
disolvente (al menos 15–30 °C por debajo del mismo), y evidentemente de los 
analitos, cuyos puntos de ebullición están unos 100 ºC por encima del disolvente. 
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En el momento de la inyección la válvula de venteo se encuentra abierta, de manera 
que sólo una pequeña porción de este gas fluye dentro de la columna, mientras que 
la gran mayoría sale del sistema a través de dicha válvula de venteo. La inyección se 
debe realizar lentamente, ya que de esta forma se asegura que las gotas que van 
saliendo de la aguja de la jeringa tocan las paredes del liner y se extienden como una 
fina película líquida por el mismo evitando acumularse en la parte inferior del 
inyector. Esto último sólo ocurre si se inyecta un volumen excesivo (más del que se 
puede acomodar en la pared del liner), si la inyección es extremadamente rápida o si 
se utiliza un liner con un diámetro interior mayor a 4 mm.  
Después de la inyección, y debido a que la válvula de venteo se encuentra 
abierta, un elevado flujo de gas portador fluye a través de la película de muestra que 
se encuentra en el liner, la cual se evapora y es arrastrada fuera del sistema junto con 
gas portador. En primer lugar se evapora selectivamente el disolvente (punto de 
ebullición más bajo), por lo que tiene lugar la preconcentración de los analitos de 
interés en el liner. La mayoría de la mezcla de gas portador y vapor de disolvente se 
elimina a través de la válvula de venteo y sólo una pequeña fracción entra en la 
columna. El calentamiento rápido del liner permite que los analitos se evaporen y 
pasen rápidamente a la columna cromatográfica. Finalmente se incrementa la 
temperatura final del inyector lo suficiente para transferir los componentes no 
deseados de alto punto de ebullición fuera del sistema cromatográfico. La inyección 
en el modo de venteo del disolvente se puede resumir en dos etapas que se 
representan esquemáticamente en la Figura 1. La primera etapa es la eliminación 
del disolvente desde el inyector. En la segunda, los componentes que quedan 
retenidos en el liner se transfieren a la columna, donde tiene lugar la separación 









Figura 1. Etapas de la inyección LVI–PTV. 
 
 
En el desarrollo de la Tesis Doctoral se han abordado tres métodos de 
MLLE/PTV–GC–MS, que incluyen o no la derivatización de los analitos, para 
compuestos carbonílicos no halogenados (LMMAs) y halogenados (HAs o HKs). 
Inicialmente se comentarán las variables químicas y físicas que afectan a la 
técnica de MLLE para ambos grupos de compuestos y por último las referentes al 
inyector LVI–PTV. En la Figura 2 se muestra un diagrama general correspondiente 
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Figura 2. Diagrama general de los métodos de MLLE. 
 
Compuestos carbonílicos no halogenados 
En este método se aborda la determinación de los 13 LMMAs (5 alifáticos, 6 
aromáticos y 2 dicarbonílicos) que se pueden formar en el agua tratada.  
En primer lugar se estudiaron las variables que influyen en el proceso de 
derivatización de estos compuestos. La reacción con PFBHA (reactivo 
derivatizante) necesita al menos 11 µmoles para la formación de las oximas, lo cual 
se puede deber al impedimento estérico asociado al tamaño del anillo aromático o a 
aquel relacionado con el grupo pentaflourobencil durante la derivatización del 
segundo grupo carbonílico. Para asegurar una elevada eficiencia de la reacción de 
derivatización, se seleccionaron 18 µmoles de PFBHA. El pH muestra una 
influencia significativa en la derivatización de los aldehídos aromáticos y 
dicarbonílicos, obteniéndose una señal máxima constante en medio ácido (pH, 1.0–
3.7). Se seleccionó un pH de 1.1 por dos razones: 1) la reacción se encuentra 
catalizada en medio ácido, favoreciéndose la protonación del intermediario formado 
en la adición nucleófila, y por tanto aumentando la cinética de dicha reacción; y 2) 
se evitan las etapas de adición de unas gotas de H2SO4 orientadas a reducir el exceso 
de reactivo en el extracto final. Por otro lado, se estudió el tiempo de derivatización 
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(1–120 min) a diferentes temperaturas (35–60 ºC) y con diferentes opciones para 
mejorar la cinética de la reacción: agitación vortex, radiación de ultrasonidos y de 
microondas. De los resultados obtenidos se concluye que la eficiencia de la 
derivatización es máxima calentando a 60 ºC  durante 1 min sin requerir agitación o 
energía adicional, probablemente debido tanto a la alta temperatura como al medio 
ácido fuerte (pH 1.1) seleccionados. 
En una segunda etapa se ensayaron las variables que afectan al proceso de 
microextracción de los derivados formados (oximas). Los disolventes orgánicos 
utilizados (acetato de etilo y n-hexano) proporcionaron resultados similares para 
todos los derivados, pero se seleccionó n-hexano (200 µL) porque al ser menos 
soluble en agua se recupera (~70 µL) e inyecta (50 µL) un mayor volumen del 
mismo, proporcionando una mayor sensibilidad. El efecto salting-out se ensayó con 
Na2SO4, (NH4)2SO4 y MgSO4 a igual fuerza iónica, obteniéndose los mejores 
resultados al añadir MgSO4 (2 g). Esto se puede deber a la hidratación exotérmica 
de esta sal al entrar en contacto con el agua, calentando la disolución; así, al añadir 
2–4 g de MgSO4 la muestra acuosa (9 mL) se calienta a 45–60 ºC, respectivamente. 
Experimentalmente se comprobó que este incremento de señal no se debía a la 
posible evaporación de parte de la fase de n-hexano, por lo que se atribuyó a un 
aumento en el coeficiente de distribución de los derivados entre las dos fases, 
favoreciendo la eficiencia de la extracción.  
Llegados a este punto, y teniendo en cuenta que la adición de 4 g de MgSO4 
por cada 9 mL de muestra acuosa proporciona directamente la temperatura óptima 
para la derivatización (60 ºC), se ensayó llevar a cabo el proceso de derivatización 
y de microextracción de manera simultánea, utilizando para ello agitación 
manual, vortex o radiación de ultrasonidos. Los mejores resultados se consiguieron 
cuando la muestra acuosa, conteniendo 4 g de MgSO4, se agitaba en vortex durante 
1 min. La eficiencia de la derivatización/microextracción simultánea fue del 96% en 
la primera extracción, siendo innecesaria realizar una segunda (4%), lo que 
simplifica de manera significativa el procedimiento analítico. En la Tabla 1 se 
muestran los valores seleccionados para cada variable. 
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Compuestos carbonílicos halogenados 
En este caso, se abordan dos métodos basados en la MLLE, uno para la 
determinación de 7 HAs y otro para 14 HKs.  
Dentro de los extractantes estudiados, acetato de etilo fue el que 
proporcionó mayor rendimiento para los 7 HAs y MTBE para las HKs, 
especialmente para las especies bromadas (más apolares). Estos resultados se 
pueden explicar en base a la diferente afinidad de cada grupo de compuestos por los 
disolventes según polaridad. Los aldehídos, al ser más polares que las 
correspondientes cetonas, tienen una mayor afinidad por los disolventes polares 















Volumen de muestra, mL 9 10 10 
Reactivo derivatizante   
(PFBHA), µmoles 
18 30 40 
pH 1.0–3.7 (1.1) 8.1–10.2 (8.4) 9.0–10.6 (10.3) 
Sal (g) MgSO4 (4) NaHCO3 (5) 
  NaHCO3 (1) 
  Na2CO3 (2) 
Extractante (µL) n-Hexano (200) --- --- 
Modificador orgánico (µL) --- n-Hexano (200) --- 
Temperatura 
derivatización/extracción, ºC 
60 80 85 
Tiempo 
derivatización/extracción, min 
1 20 20 
Agitación Vortex Mecánica Mecánica 
 
Resultados y discusión 
 
 297 
como el acetato de etilo, y viceversa. En ambos casos se seleccionaron 200 µL de 
extractante, aunque se inyectaron diferentes volúmenes de extracto en el inyector 
LVI–PTV: 30 ó 50 µL para acetato de etilo o MTBE, respectivamente. Este hecho 
se debe a la mayor solubilidad del acetato de etilo en la muestra acuosa que 
proporciona un menor volumen de extracto. En ambos métodos se escogió un pH 
de la muestra ácido (Tabla 2), siendo éste más influyente y determinante en el caso 
de las HKs. Así, estos compuestos experimentan una descomposición catalizada en 
medio básico, ocurriendo a menores valores de pH y de una manera más acusada en 
las especies bromadas (a excepción de 1,1-dibromoacetona). Este comportamiento 
se debe a que las constantes de velocidad de la reacción de hidrólisis de las especies 
bromadas son mayores que las de las cloradas. Los valores óptimos de las demás 
variables se muestran en la Tabla 2. 
La eficiencia de la MLLE en relación a la LLE convencional es del 80–85%, 
lo cual es muy favorable teniendo en cuenta la elevada relación muestra 
acuosa/extractante (35 ó 50, para HAs o HKs) para esta técnica miniaturizada. 
 
Tabla 2. Condiciones experimentales empleadas en la determinación de HAs o HKs en agua
 
por distintas metodologías. 
Variable 
Valor seleccionado 
MLLE (HAs) MLLE (HKs) HS–SMPE (HKs) 
Volumen de muestra, mL 9 12 12 
Extractante (µL) Acetato de etilo (200) MTBE (200) --- 
pH 2.8–7.6 (3.2) 1.0–7.2 (1.5) 1.2–5.4 (1.5) 
Na2SO4, g 3 4 6 
Temperatura, ºC Ambiente Ambiente 40 
Tiempo, min  1 1 15 
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Condiciones del inyector LVI–PTV 
El volumen de inyección del extracto es la variable instrumental que 
repercute más positivamente en la sensibilidad del método, sobre todo para los 
analitos menos volátiles. El volumen de extracto que se puede inyectar en el 
cromatógrafo se encuentra condicionado por la solubilidad en agua del 
extractante utilizado, en todos los casos se seleccionó casi todo el volumen de 
extracto obtenido. La posibilidad de inyectar la muestra a una baja temperatura 
permite que el liner actúe como una trampa criogénica, ayudando a 
preconcentrar los analitos en el mismo y así conseguir una mayor señal analítica, 
sobre todo en aquellos compuestos más volátiles. Una alta temperatura puede 
provocar el arrastre de los analitos más volátiles junto con el vapor del 
disolvente fuera del liner a través de la válvula de venteo. Por ello, la 
temperatura inicial del inyector se fijó a la temperatura más baja (45 ºC) que se 
podía utilizar sin que se alargase excesivamente el tiempo de análisis.  
Otras variables que influyen en la respuesta de los analitos más volátiles 
son la velocidad de la rampa y el flujo de venteo. Éstos tienen un 
comportamiento opuesto frente a la respuesta de los analitos. Así, una rampa 
con una alta velocidad posee un efecto positivo en los mismos, mientras que un 
flujo de venteo alto puede favorecer la pérdida de los analitos más volátiles por 
el arrastre fuera del liner. A pesar de ello, el flujo de venteo tampoco puede ser 
muy bajo, pues se podría quedar parte del disolvente sin evaporar en el liner, con 
los problemas que ello podría conllevar. Estas dos variables se fijaron en cada 
caso teniendo en cuenta el punto de ebullición de los analitos y del disolvente, 
así como el volumen de inyección de extracto. La presión en cabeza de 
columna provoca el mismo efecto que el flujo de venteo, pero a causa de una 
sobrepresión, por lo que se seleccionaron valores bajos (7 o 10 psi). La variable 
que prácticamente no influye en los compuestos de interés es el tiempo de 
venteo, al menos en los intervalos estudiados, por lo que siempre se fijó al valor 
más bajo. 
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2.1.2. Microextracción en fase sólida 
La microextracción en fase sólida (SPME) se caracteriza porque no es 
necesario el uso de disolventes orgánicos, lo cual está en consonancia con los 
principios de la “Química Verde”. En este caso se seleccionó la modalidad de 
espacio de cabeza  (HS–SPME) por el carácter volátil de las HKs objeto de estudio. 
El método desarrollado se caracteriza por su simplicidad habida cuenta de que no es 
necesario el empleo de reactivos derivatizantes que pueden dañar la fibra. En la 













Figura 3. Diagrama general de la HS–SPME. 
 
Para llevar a cabo la extracción de las HKs,  la fibra de SPME se expone al 
espacio de cabeza sobre la muestra y se calienta a 40 ºC durante 15 min para 
favorecer la volatilización y el reparto de los analitos entre la fase gaseosa y el 
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recubrimiento de la fibra. Finalmente se lleva a cabo la desorción térmica de las 
HKs en el portal de inyección del cromatógrafo de gases a 250 ºC durante 2 min. 
El primer estudio se basó en la selección de la fibra más adecuada, 
estudiando para ello 5 recubrimientos diferentes: poliacrilato (PA), 
polidimetilsiloxano (PDMS), carboxen/polidimetilsiloxano (CAR/PDMS), 
polidimetilsiloxano/divinilbenceno (PDMS/DVB) y divinilbenceno/carboxen/ 
polidimetilsiloxano (DVB/CAR/PDMS), con vistas a obtener la mayor eficiencia de 
la extracción para las 14 HKs. Se observó que dicha eficiencia dependía tanto de la 
naturaleza de la fibra como del volumen molecular de las HKs. La fibra de PDMS 
(no polar) y PA (polar) proporcionaron porcentajes de recuperación muy bajos para 
todas las HKs. La extracción de las HKs por las otras fibras se rigió principalmente 
por la retención física de las mismas dentro de los poros de las fibras. Así, las HKs 
con volúmenes moleculares pequeños se adsorben de manera más eficiente en la 
fibra de CAR/PDMS debido a los microporos del recubrimiento de CAR (diámetro 
medio, 10 Å). Sin embargo, las HKs con volúmenes moleculares mayores lo 
hicieron en la de PDMS/DVB, que posee mesoporos (diámetro medio, 17 Å). La 
fibra de DVB/CAR/PDMS muestra un comportamiento intermedio entre las dos 
anteriores, ya que su recubrimiento es una mezcla de micro y mesoporos. Por lo 
tanto se seleccionó la fibra de DVB/CAR/PDMS como una solución de 
compromiso entre las HKs con los volúmenes moleculares menores y mayores, 
permitiendo la extracción simultánea de las 14 HKs. 
Respecto a las variables (Tabla 2) que afectan a la volatilización de los 
analitos al espacio de cabeza, tanto el pH de la muestra como la adición de sales son 
de las más importantes. Se obtiene las señales analíticas máximas entre pH 1.2 y 5.4, 
a partir del cual disminuye la eficiencia de la extracción de todas las cetonas 
bromadas excepto la 1,1-dibromoacetona. En lo referente a la adición de sales, la 
que mejores resultados proporcionó fue Na2SO4, al igual que ocurría en el método 
de MLLE. Sin embargo, en el método de HS–SPME se necesitó una mayor 
cantidad de Na2SO4 para los 12 mL de muestra debido al aumento de la solubilidad 
de la sal con la temperatura (40 ºC en HS–SPME vs. temperatura ambiente en 
MLLE, Tabla 2).  
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La temperatura se relaciona con el rendimiento de la extracción de las HKs. 
Al aumentar la temperatura también lo hace la concentración de analitos en el 
espacio de cabeza. No obstante, un aumento excesivo de temperatura (superior a 40 
ºC) disminuye los coeficientes de distribución del analito entre la muestra y la fibra, 
por lo que la eficacia de la extracción se ve afectada negativamente. En este caso, la 
velocidad de agitación magnética y el tiempo de extracción también son críticos para 
establecer el equilibrio de los analitos entre la muestra y la fibra, por tanto se 
seleccionó una velocidad de agitación de 600 rpm durante 15 min (Tabla 2).  
Es interesante resaltar que la fibra de PDMS se daña en presencia de MTBE 
(disolvente orgánico apolar) utilizado para preparar las disoluciones estándares de 
las HKs. Esto se debe a que la fase de PDMS se hincha en presencia de MTBE, 
dificultando la retracción de la fibra en el interior de la aguja sin dañarla. Por ello, las 
disoluciones estándares de HKs se prepararon en un disolvente orgánico polar 
como acetona.  
2.1.3. Espacio de cabeza estático 
La técnica de espacio de cabeza estático (SHS) se ha empleado en la 
presente Memoria para la determinación de compuestos carbonílicos no 
halogenados en agua tratada y orina humana. En la Figura 4 se observa un esquema 
del módulo de espacio de cabeza utilizado acoplado al cromatógrafo de gases. 
Como se indica en la figura, la muestra acuosa con los reactivos correspondientes, 
se introduce en un vial que se sella y calienta en el horno con agitación mecánica 
durante unos minutos hasta que se alcanza el equilibrio. La fase gaseosa de la 
muestra, una vez enriquecida con los analitos, se presuriza introduciendo helio en el 
vial. Seguidamente, se gira la válvula de venteo y la diferencia de presión generada 
entre el interior del vial y la presión atmosférica hace que el espacio de cabeza 
generado salga y pase a través de una válvula de inyección de 6 vías para llenar el 
bucle de 3 mL. Finalmente, una corriente de helio arrastra el contenido del bucle 
hasta el portal de inyección del cromatógrafo. 
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Figura 4. Diagrama del módulo de espacio de cabeza acoplado al cromatógrafo de gases.  
 
 
 A lo largo del trabajo experimental desarrollado en esta Memoria se ha 
estudiado la influencia de una serie de variables del sistema que inciden en la 
exactitud de los resultados. Estas variables se engloban en dos tipos: i) 
instrumentales, basadas en parámetros de la propia instrumentación empleada 
(temperatura o tiempo de equilibración), y ii) químicas, basadas en parámetros de 
la propia muestra (volumen de muestra, pH de la misma, reactivo derivatizante, 
adición de sal y modificador). El valor seleccionado para cada variable se fijó en 
base a un proceso previo de optimización del sistema. 




La temperatura del horno y el tiempo de equilibración son las variables 
instrumentales más relevantes, ya que afectan tanto a la derivatización de los 
compuestos carbonílicos como a la volatilización de las oximas formadas. La Tabla 
1 muestra que se necesita una temperatura algo más elevada en el análisis de orina 
(85 ºC) que en el de agua (80 ºC), por la complejidad de la matriz de orina y porque 
se incluyen en este caso dos aldehídos de mayor peso molecular (hexanaldehído y 
heptaldehído). En relación al tiempo de equilibración, se comprueba que es el 
mismo (20 min) para ambos tipos de muestras.  
Los parámetros relacionados con el transporte del espacio de cabeza de 
muestra al cromatógrafo, tiempo de presurización y llenado del bucle, no afectan 
significativamente a ninguno de los analitos estudiados. Por ello, se seleccionó un 
tiempo de presurización de 30 s y un tiempo de llenado del bucle de 9 s para ambos 
tipos de muestras (agua y orina). 
Variables químicas 
Los valores óptimos de las variables químicas para las muestras de agua y 
orina se recogen en la Tabla 2. En la técnica de espacio de cabeza estático es 
habitual trabajar con una relación de volúmenes de muestra:espacio de cabeza igual 
a 1:1 para evitar que la aguja del automuestreador entre en contacto con la fase 
líquida. Por ello, en las dos metodologías desarrolladas se utilizó el volumen 
máximo de 10 mL para viales de 20 mL. 
En relación a la derivatización, se seleccionó una mayor cantidad de reactivo 
derivatizante (PFBHA) para el análisis de orina (40 µmol) respecto al de agua (30 
µmol). Esta mayor cantidad es suficiente para asegurar la derivatización de los 
analitos diana por la posible competencia de otros compuestos carbonílicos 
presentes en la orina. La optimización del pH es un parámetro clave para obtener la 
mayor señal de los aldehídos ya que está relacionado con la eficiencia de la 
derivatización y con la extracción de sus derivados al espacio de cabeza. Tanto en la 
muestra de agua como de orina se estudió un amplio intervalo de pH (1–11), ya que 
las oximas se pueden formar a pH ácido o básico. En el caso de los aldehídos 
alifáticos, sus señales no se afectan por el pH, indistintamente de la matriz analizada, 
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mientras que los otros aldehídos estudiados muestran dependencia con el pH. Así, 
los aldehídos aromáticos y dicarbonílicos proporcionan máxima señal a pH 8.1–10.2 
en la muestra de agua, mientras que en el caso de orina, los aldehídos dicarbonílicos 
incrementan su señal en un medio más alcalino (9.0–10.6). A la vista de los 
resultados obtenidos, se puede afirmar que la reacción de derivatización se favorece 
a pH básico. Este hecho se puede atribuir a que la reacción del grupo hidroxilamino 
de la PFBHA con los aldehídos aromáticos y dicarbonílicos está catalizada en medio 
básico. En estas condiciones, la especia responsable del ataque al carbono del grupo 
carbonílico es el anión H2NO
–, siendo la deshidratación del hemiaminal la etapa 
limitante en la reacción.  
Teniendo en cuenta los intervalos óptimos de pH (Tabla 1), se ensayaron 
distintas opciones para ajustar el pH de la muestra. Los mejores resultados se 
obtuvieron para la muestra de agua saturada con NaHCO3 (pH 8.4, 5 g en 10 mL) y 
la de orina con una disolución reguladora formada por la mezcla de 2 g de Na2CO3 
y 1 g de NaHCO3 (pH 10.3, 10 mL). Además, las señales analíticas de todos los 
aldehídos aumentan 2–4 veces en presencia de hidrógeno carbonato, lo cual se 
puede relacionar con el efecto catalítico de este anión en las reacciones de 
formación de oximas. 
La adición de sales favorece el paso de las oximas a la fase gaseosa y también 
al aumentar la actividad de la disolución, se minimiza la evaporación de agua, 
reduciéndose la entrada de agua en el cromatógrafo de gases y detector. Se ensayó la 
adición de sales (diferentes molaridades hasta saturación) a las disoluciones 
saturadas de carbonato/hidrogeno carbonato, pero la señal analítica no mejoró. 
Esto es debido a que las disoluciones de muestras saturadas de carbonato/ 
hidrogeno carbonato para ajustar el pH, proporcionan la fuerza iónica necesaria 
para la extracción de las oximas. 
Por último se estudió la adición de un disolvente orgánico (modificador) 
para favorecer la volatilización de las oximas, ya que al volatilizarse arrastra a las 
oximas. En el análisis de agua se apreció un aumento (30–50%) en la señal de las 
oximas cuando se añadieron 200 µL de n-hexano. Sin embargo, para la muestra de 
orina no se aprecia una mejora en la eficiencia de la extracción en presencia del 
modificador. 
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2.2. Técnica de separación/detección: GC–MS 
La separación de las analitos diana se realizó a lo largo de toda la Tesis 
Doctoral empleando la cromatografía de gases acoplada a espectrometría de masas. 
La técnica de MLLE se llevó a cabo recogiendo los extractos e 
introduciendo 30–50 µL en el inyector LVI–PTV. En el caso de la técnica de SHS, 
la temperatura del bucle y de la interfase se mantuvo a 100 y 110 ºC o 110 y 120 ºC 
en la muestra de agua u orina, respectivamente. En el método HS–SPME la 
desorción térmica de los analitos se realiza en el portal de inyección (modo splitless) a 
la temperatura recomendada por el fabricante para cada fibra.  
Las columnas cromatográficas empleadas fueron convencionales no polares 
(HP–5MS y HP–5MS UI) con una fase estacionaria compuesta por 5%–fenil–95%–
metilpolisiloxano. El programa de temperatura utilizado en cada método varió en 
función de los compuestos carbonílicos a separar, aunque el intervalo de 
temperaturas siempre osciló entre los 40 y 250 ºC (200 ºC en el caso de los HAs). Se 
empleó helio como gas portador a un caudal de 1 mL/min. 
A lo largo de todo el desarrollo experimental de la presente Memoria, la 
detección de estos compuestos se llevó a cabo utilizando la espectrometría de masas 
con analizador cuadrupolar. La temperatura de la fuente de ionización se mantuvo a 
250 ºC, siendo el voltaje para la fragmentación de las moléculas de 70 eV y el vacío 
mantenido entre 30 y 40 mTorr. La optimización de los experimentos se realizó en 
la modalidad full scan mediante barridos de la relación m/z según los analitos a 
determinar: m/z 47–174 para HAs; m/z 40–400 para HKs; y m/z 70–500 para las 
oximas provenientes de los compuestos carbonílicos no halogenados. Una vez se 
identificaron los analitos y se establecieron sus tiempos de retención, el 
espectrómetro de masas se utilizó en modo SIM (Selected Ion Monitoring). En este 
modo se suelen monitorizar 3 relaciones m/z características de cada analito. Así, en 
esta Memoria se han seleccionado iones característicos como puede ser el ion 181 
común y pico base en las oximas, que corresponde al fragmento del ion 
pentafluorobencil, y en la mayoría de los otros compuestos (HAs y HKs) iones 
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2.3. Estudio comparativo de las metodologías desarrolladas 
En esta parte del Capítulo se pretende comparar los métodos desarrollados 
y descritos en los Capítulos 3 y 4. Con dicho fin, en la Tabla 3 se muestran los 
valores medios de los parámetros más relevantes de las metodologías desarrolladas 
para la determinación de compuestos carbonílicos halogenados (HAs y HKs) en 










De esta tabla se puede concluir que los métodos de MLLE son 
extraordinariamente sensibles (por comparación de las pendientes de calibración, 𝑆), 
presentando LODs (3 𝑆𝐵/𝑆) a niveles de escasas ppt. Cuando se comparan los dos 
métodos desarrollados para HKs se observan diferencias significativas en los LODs. 
Esto se debe a que el método de MLLE/LVI–PTV proporcionó LODs inferiores a 
los de HS–SPME debido a la inyección de un elevado volumen de extracto (50 µL), 
por lo que no es realmente comparable. Los valores de RSD proporcionados por 
los tres métodos son similares (~6%), a pesar de la mayor manipulación de la 
muestra en las técnicas de microextracción. 
 
Tabla 3. Valores medios de LOD y RSD de las 
metodologías desarrolladas para la determinación de 






MLLE/LVI–PTV   14  5.8 7 HAs  
MLLE/LVI–PTV   29  5.9 14 HKs  
HS–SPME 171  6.4 14 HKs 
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En la Tabla 4 se muestran aquellos parámetros relevantes (incluyendo 
tiempo y temperatura de derivatización/extracción) de las dos metodologías 
referentes a la determinación de compuestos carbonílicos no halogenados en agua. 
 
Se puede concluir que ambos métodos proporcionan LODs similares, 
aunque los obtenidos en MLLE/LVI–PTV se debe, como anteriormente se ha 
indicado, a la inyección de un elevado volumen de extracto (50 µL). Los valores de 
RSD proporcionados también son similares, a pesar de que tanto la extracción de la 
muestra como la inyección son manuales en el método de MLLE/LVI–PTV. En 
ambos casos se lleva a cabo la derivatización y extracción de manera simultánea, 
aunque en el método de SHS se necesitan 20 min mientras que en el de 
MLLE/LVI–PTV se realiza en tan sólo 1 min. Es necesario mencionar que en el 
método de SHS sólo se pudieron determinar 11 LMMAs, ya que dos aldehídos 
aromáticos hidroxilados (3-hidroxibenzaldehído y 2,5-dihidroxibenzaldehído) no se 
extraen del agua al espacio de cabeza en las condiciones óptimas para los demás 
aldehídos.  
Por otro lado, el método automático SHS se plantea como una alternativa 
simple, rápida y robusta con mínima manipulación de la muestra, y donde la 
derivatización/extracción se realiza in situ en el mismo vial. Además, la técnica de 
SHS es extraordinariamente útil para matrices complejas como orina. Por todo ello, 
el método de SHS–GC–MS, se seleccionó para la aplicación a diferentes matrices 
(agua y orina) en la presente Memoria. 
 






Tiempo de derivatización/ 
extracción (min) 
Temperatura de derivatización/ 
extracción (ºC) 
Aldehídos 
MLLE/LVI–PTV   21 7.3 1 60 5 alifáticos +    
6 aromáticos + 
2 dicarbonílicos 
SHS   27 6.4 20 80 5 alifáticos +    
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3. Aplicaciones 
3.1. Determinación de compuestos carbonílicos en agua tratada 
En los Capítulos 3 y 4 se han desarrollado métodos para determinar tanto 
compuestos carbonílicos halogenados como no halogenados en muestras de agua 
tratada. El aseguramiento de la trazabilidad de los resultados es un aspecto necesario 
en el desarrollo de nuevas metodologías. Para ello, y debido a la ausencia de 
materiales de referencia certificados, los métodos se validaron mediante 
comparación de los resultados con un método normalizado. En este sentido, los 
métodos que se han desarrollado para la determinación de compuestos carbonílicos 
no halogenados se validaron con el Método EPA 556.1, y aquellos referentes a los 
halogenados con el Método EPA 551.1.  
La evaluación de las metodologías propuestas en los Capítulos 3 y 4 se llevó 
a cabo analizando muestras de agua potable y de piscina. Además, el método de 
MLLE–GC–MS expuesto en el Capítulo 3 se empleó también para determinar 
LMMAs en agua no tratada (pozo). Los resultados más relevantes derivados del 
análisis de agua tratada a lo largo de la Tesis Doctoral se incluyen en las Tablas 5 y 
6, la primera referente a la determinación de compuestos carbonílicos no 
halogenados (LMMAs) y la segunda a la determinación de compuestos carbonílicos 
halogenados (HAs y HKs). Como se observa en la Tabla 5 todas las muestras de 
agua tratada contenían aldehídos alifáticos (C1–C5, G y MG) y BA a niveles de 
escasos µg/L, mientras que los otros cinco aldehídos aromáticos sólo se 
encontraron en el agua de piscina. Esto se puede atribuir a que los aldehídos 
aromáticos necesitan una mayor cantidad de desinfectante y de materia orgánica 
(procedente de usuarios de piscinas) para su formación, lo que ocurre 
evidentemente en el agua de piscina. Se estudiaron muestras de agua potable 
desinfectadas en ETAPs con diferentes oxidantes clorados y ozono, y se observó 
que las mayores concentraciones de aldehídos alifáticos y BA se encuentran cuando 
se emplea O3 (concentración media, 2.5 µg/L). Este hecho se puede deber a que la 
oxidación de la materia orgánica y contaminantes que hay en el agua bruta, con O3 
forma mayoritariamente aldehídos y ácidos orgánicos como DBPs. Respecto a los 
tratamientos de cloración o cloraminación (ClO2/Cl2, Cl2/NH2Cl y ClO2/NH2Cl),  
























































































































































C1 (formaldehído), C2 (acetaldehído), C3 (propionaldehído), C4 (butiraldehído), C5 (valeraldehído), G (glioxal), 
MG (metilglioxal), BA (benzaldehído), 3-MBA (3-metilbenzaldehído), 2-EBA (2-etilbenzaldehído), 2,5-DMBA (2,5-
dimetilbenzaldehído), 3-HBA (3-hidroxibenzaldehído), 2,5-DHBA (2,5-dihidroxibenzaldehído). 
a n, Número de muestras analizadas. 
b Concentración mínima y máxima encontrada para n >2. 
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los resultados obtenidos revelan que la influencia de estos tratamientos en la 
concentración de aldehídos es prácticamente la misma, ya que los valores medios 
obtenidos, 0.8, 1.2 y 1.4 µg/L, respectivamente, son similares. 
En la Tabla 5 también se observa que los niveles de aldehídos alifáticos y 
BA encontrados en aguas potables se incrementan de 2 a 10 veces en aguas de 
piscinas, además de que se forman 5 aldehídos aromáticos más. Este incremento de 
concentración y especies en el agua de piscina es debido a las mayores dosis de 
cloro empleadas en estos sistemas y al aporte extra de materia orgánica procedente 
de los usuarios. Además, se puede apreciar que la concentración media de los 
aldehídos más volátiles (alifáticos y BA) es el doble en el agua de piscinas cubiertas 
que al aire libre. 
Por otra parte, en las dos muestras de agua de pozo analizadas se detectaron 
todos los aldehídos alifáticos objeto de estudio y benzaldehído. La presencia de 
estos compuestos carbonílicos en agua no tratada se puede explicar como resultado 
de procesos naturales que se dan en la misma (por ejemplo, la oxidación 
microbiana). 
La Tabla 6 muestra los resultados obtenidos en  la determinación de HAs y 
HKs en agua tratada, tal y como se ha indicado anteriormente. Dichos resultados 
demuestran que se pueden encontrar entre 1 y 2 HAs, así como 1–7 HKs, a niveles 
de µg/L en el agua tratada. En la tabla se observa que todas las aguas tratadas 
contienen CH y que la concentración de este analito es siempre superior a la de 
DCA. También se muestra como las concentraciones de aquellos analitos 
encontrados en el agua potable son mayores en el agua de piscina, donde además se 
pueden formar hasta 7 HKs. Esto se debe, al igual que en el caso de los LMMAs, a 
que en el agua de piscina hay un aporte extra de materia orgánica (usuarios) y se 
emplean mayores concentraciones de desinfectante, siendo el cloro residual mucho 
mayor que en el agua potable. Por ello, la formación de HAs y HKs se puede 
incrementar con el tiempo. 
 




3.2. Control de compuestos carbonílicos en una estación de 
tratamiento de agua potable 
Se ha evaluado la formación y eliminación de compuestos carbonílicos, en 
concreto LMMAs y HKs, en diferentes puntos de una estación de tratamiento de 
agua potable (ETAP), desde el agua bruta hasta la red de distribución. Esta ETAP 
tiene la particularidad de utilizar desinfectantes alternativos a los comunes, como es 
la combinación de dióxido de cloro-cloraminas. Se ha podido establecer tanto la 
incidencia como los perfiles de distribución de estos compuestos. Además se ha 
realizado un estudio estacional a lo largo de un año, considerando la influencia de la 
tipología de la materia orgánica del agua natural sobre el proceso. Se tomaron como 
meses testigo, mayo (primavera 2013), septiembre (verano), noviembre (otoño) y 
febrero (invierno 2014) durante los que se llevaron a cabo muestreos en siete 
puntos distintos en cada estación, y se evaluaron paralelamente estos DBPs y 
diferentes parámetros de calidad del agua. En la Figura 5 se recoge el esquema de 
tratamiento de la ETAP y la localización de los 7 puntos de recogida de muestra. 
 














  CA  1,1-DCA 1,1,1-TCA 1,3-DCA 1,1,3-TCA 1,1,3,3-TeCA 1,1,1,3-TeCA 
Potable 10 n.d. <LOQ –0.92 n.d.–0.4 n.d. n.d. n.d. n.d. 
Piscina 10 n.d.–4.0     2.3–15 3.4–14 n.d.–7.6 6.7–9.7 0.13–2.7 n.d.–1.5 
DCA (dicloroacetaldehído), CH (tricloroacetaldehído o hidrato de cloral), CA (cloroacetona), 1,1-DCA (1,1-dicloro 
acetona), 1,1,1-TCA (1,1,1-tricloroacetona), 1,3-DCA (1,3-dicloroacetona), 1,1,3-TCA (1,1,3-tricloroacetona), 1,1,3,3-
TeCA (1,1,3,3-tetracloroacetona), 1,1,1,3-TeCA (1,1,1,3-tetracloroacetona). 
a 
n, Número de muestras analizadas. 
b 
Concentración mínima y máxima encontrada. 
c 
n.d., No detectado. 
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El análisis de las muestras de agua se 
llevó a cabo por HS–GC–MS para la 
determinación de LMMAs, y por HS–
SPME/GC–MS en el caso de HKs. 
En primer lugar se estableció la 
frecuencia de muestreo (diaria o semanal) 
dentro del mes testigo. Para ello, se realizó un 
estudio de la variabilidad entre 7 días 
consecutivos durante el mes de abril 
(primavera), por tratarse de una estación 
intermedia en términos de climatología. Se 
observó una baja variabilidad en las 
concentraciones de DBPs dentro de dicha 
semana, por lo que el seguimiento de DBPs se 
pudo realizar muestreando un día de cada 
semana de cada estación. 
Figura 5. Esquema de los 
puntos de muestreo en la ETAP 
y red de distribución. 
 
En la Tabla 7 se muestran los datos de las concentraciones de LMMAs y 
HKs en los puntos de control establecidos en la ETAP y red de distribución 
durante la primavera. Como se observa en dicha tabla, en el agua bruta sólo se 
detectaron 5 aldehídos alifáticos (a concentraciones muy bajas) de todos los 
compuestos carbonílicos estudiados. Este hecho pone de manifiesto que los 
subproductos no detectados en el agua bruta, pero sí más adelante, provienen 
exclusivamente del proceso de desinfección. Las concentraciones de los 5 aldehídos 
alifáticos encontrados varió desde 0.08 (C5) hasta 1.8 µg/L (C1), siendo éste ultimo 
el compuesto mayoritario en el agua bruta. La presencia de estos compuestos 
carbonílicos se puede explicar como resultado de fuentes naturales y/o 
antropogénicas. Dentro de los procesos naturales, se incluyen: la fotodegradación 
de la materia orgánica disuelta, la oxidación microbiológica de compuestos 
Resultados y discusión 
 
 313 
orgánicos volátiles, la emisión directa de la vegetación en crecimiento y la quema de 
biomasa y organismos vivos. En lo referente a las fuentes antropogénicas, estos 
compuestos pueden aparecer como resultado de la contaminación industrial y de la 
quema de combustible.  
 
 
En el proceso de preoxidación con ClO2 se incrementa la concentración 
total de los valores medios de los 5 aldehídos alifáticos encontrados en el agua bruta 
(3.3 µg/L), alcanzándose una concentración de 6.5 µg/L. Además, en esta etapa se 
forma G, MG, BA y 1,1-DCA, aunque a concentraciones inferiores a 2 µg/L. La 
formación de aldehídos en esta etapa se debe a que la dosis de ClO2 (valor medio, 
1.0 mg/L) es la suficiente para reaccionar con la materia orgánica del agua bruta 
(valor medio de oxidabilidad, 5.7 mg O2/L). En el agua tras la decantación se 
obtiene una concentración total de los valores medios, de los 8 aldehídos 
encontrados en la etapa anterior, de 13 µg/L (incremento del 50%). Este 
incremento se debe al mayor tiempo de contacto entre la materia orgánica y el 
 
Tabla 7. Concentración mínima y máxima de compuestos carbonílicos (µg/L) en la ETAP y red de distribución en 
primavera (mayo 2013). 
 Puntos de muestreo 
 
Agua         








Agua   





Agua en red 
de 
distribución, 
24 h (6) 
Agua en red 
de 
distribución,  
48 h (7) 
LMMAs 
C1 1.2–1.8 2.8–3.7 4.1–5.2 2.2–2.8 5.2–6.4 5.2–6.3 5.1–6.2 
C2 0.73–1.5 1.7–3.2 2.3–3.9 1.1–2.6 2.9–4.4 2.5–4.1 2.6–3.9 
C3 0.37–0.88 0.52–0.91 0.61–0.98 0.25–0.40 0.50–0.74 0.54–0.85 0.50–0.77 
C4 0.10–0.25 0.27–0.38 0.34–0.53 0.11–0.20 0.27–0.44 0.29–0.48 0.26–0.45 
C5 0.08–0.14 0.09–0.22 0.19–0.30 0.09–0.22 0.19–0.31 0.20–0.33 0.20–0.34 
G n.d.
a
 1.1–1.4 1.9–4.0 2.5–4.4 4.0–7.1 4.4–6.9 5.0–9.8 
MG n.d. 0.66–1.6 0.80–2.2 1.6–3.0 2.3–4.4 3.0–4.9 5.2–6.4 
BA n.d. 0.18–0.36 0.46–0.61 0.58–0.79 0.65–0.99 0.75–1.1 0.73–0.82 
HKs        
1,1-DCA n.d. 0.31–0.85 0.15–0.30 0.05–0.12 0.26–0.50 0.19–0.37 n.d. 
1,1,1-TCA n.d. n.d. 0.42–0.81 0.85–1.7 0.57–0.89 n.d. n.d. 
a
 n.d., No detectado. 
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oxidante residual durante esta etapa. No obstante, la concentración de 1,1-DCA 
disminuye hasta un 60%, pero no porque la decantación sea efectiva en su 
eliminación, sino porque 1,1-DCA reacciona con el desinfectante residual 
formándose 1,1,1-TCA (Tabla 7). El proceso de filtración del agua decantada a 
través de filtros rápidos de arena significó un descenso del 50% en la concentración 
de los 5 aldehídos alifáticos, lo cual se puede deber a la actividad microbiológica 
existente en dichos filtros. Sin embargo las concentraciones de G, MG y BA 
aumentan debido a que poseen una mayor resistencia a la actividad microbiológica. 
Respecto a las dos HKs, éstas siguen la misma tendencia que en la etapa anterior, 
formándose más 1,1,1-TCA en detrimento de la 1,1-DCA que desciende en ~70%. 
La cloraminación del agua supuso un esperable aumento tanto de 1,1-DCA como 
de los 8 aldehídos respecto a la etapa anterior (la concentración total de valores 
medios de 1,1-DCA se incrementa de 0.08 a 0.39 µg/L y LMMAs de 12 a 22 µg/L). 
Sin embargo, la concentración de 1,1,1-TCA disminuye un 30%, ya que la 
formación de este compuesto no se favorece durante la cloraminación. En resumen, 
la concentración de LMMAs y 1,1-DCA se incrementa de manera similar tanto por 
el tratamiento con ClO2 como con cloraminas; no obstante, la formación de 1,1,1-
TCA sólo se favorece cuando se utiliza ClO2 como desinfectante. En relación a la 
red de distribución (24 h y 48 h desde la salida de la ETAP), las concentraciones 
de los 5 aldehídos alifáticos permanecieron prácticamente constantes a lo largo de la 
misma, mientras que las de G y MG aumentaron ligeramente y las de BA, 1,1-DCA 
y 1,1,1-TCA disminuyeron.  
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Aunque las condiciones operacionales en la ETAP se ajustaron a los 
cambios en la calidad del agua bruta, se observó una influencia estacional en la 
concentración de estos compuestos. Como se observa en la Tabla 8, la 
concentración total de valores medios de los 5 aldehídos alifaticos que aparecen en 
el agua bruta varía entre estaciones. La concentración total de valores medios más 
alta se encuentra en primavera (3.3 µg/L), seguida del verano (1.6 µg/L), otoño (0.9 
µg/L) e invierno (0.6 µg/L). Tal como se muestra en la Figura 6, esta variación de 
las concentraciones de aldehídos con las estaciones se relaciona directamente con la 
cantidad de materia orgánica (oxidabilidad) presente en el agua bruta, e 
indirectamente con la 
cantidad de lluvia en 
cada estación del año 
(efecto de dilución). 




entre oxidabilidad y 
cantidad de lluvia y la 
concentración de estos 
compuestos, obtenién-
dose un óptimo ajuste 
(r = 0.991) en el caso 
de la primera (Figura 
6 A), y un ajuste 
moderado (r = 0.794) 
para la cantidad de 
lluvia (Figura 6 B).  
 
Figura 6. Influencia de la A) oxidabilidad ( ) y B) cantidad 
de lluvia (  ), en la concentración media de aldehídos          
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Tabla 8. Concentración mínima y máxima de LMMAs (µg/L) en la ETAP y red de distribución en cada estación. 
 Puntos de muestreo 
 
Agua         








Agua   





Agua en red 
de 
distribución, 
24 h (6) 
Agua en red 
de 
distribución,  
48 h (7) 
Primavera (Mayo 2013) 
C1 1.2–1.8 2.8–3.7 4.1–5.2 2.2–2.8 5.2–6.4 5.2–6.3 5.1–6.2 
C2 0.73–1.5 1.7–3.2 2.3–3.9 1.1–2.6 2.9–4.4 2.5–4.1 2.6–3.9 
C3 0.37–0.88 0.52–0.91 0.61–0.98 0.25–0.40 0.50–0.74 0.54–0.85 0.50–0.77 
C4 0.10–0.25 0.27–0.38 0.34–0.53 0.11–0.20 0.27–0.44 0.29–0.48 0.26–0.45 
C5 0.08–0.14 0.09–0.22 0.19–0.30 0.09–0.22 0.19–0.31 0.20–0.33 0.20–0.34 
G n.d.
 a
 1.1–1.4 1.9–4.0 2.5–4.4 4.0–7.1 4.4–6.9 5.0–9.8 
MG n.d. 0.66–1.6 0.80–2.2 1.6–3.0 2.3–4.4 3.0–4.9 5.2–6.4 
BA n.d. 0.18–0.36 0.46–0.61 0.58–0.79 0.65–0.99 0.75–1.1 0.73–0.82 
Verano (Septiembre 2013)  
C1 0.55–1.3  0.93–2.8 1.5–3.4 0.73–2.0 2.3–3.4 2.3–3.4 1.0–2.1 
C2 0.42–0.85 0.98–1.7 1.0–1.9 0.55–1.3 0.94–1.9 0.94–1.9 0.35–0.71 
C3 0.10–0.15 0.16–0.28 0.21–0.54 0.13–0.25 0.35–0.43 0.35–0.43 0.06–0.36 
C4 0.05–0.11 0.11–0.21 0.17–0.30 0.06–0.12 0.28–0.35 0.28–0.35 0.16–0.21 
C5 0.03–0.08 0.06–0.13 0.16–0.21 0.06–0.10 0.09–0.21 0.09–0.21 0.04–0.07 
G n.d. 0.34–0.49 0.39–0.55 0.46–0.71 0.69–0.94 0.69–0.94 1.0–2.3 
MG n.d. 0.07–0.18 0.13–0.28 0.18–0.34 0.24–0.49 0.24–0.49 0.47–0.93 
BA n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
 
Otoño (Noviembre 2013) 
C1 0.34–0.63 0.39–1.9 1.3–2.0 0.57–1.2 1.7–3.2 1.8–3.4 1.7–3.1 
C2 0.19–0.58 0.42–0.90 0.51–1.3 0.36–0.77 0.71–1.3 0.69–1.4 0.62–1.3 
C3 0.04–0.07 0.10–0.18 0.15–0.31 0.07–0.15 0.12–0.28 0.13–0.26 0.14–0.25 
C4 0.03–0.09 0.06–0.13 0.09–0.27 0.03–0.10 0.09–0.20 0.10–0.26 0.08–0.18 
C5 <LOQ –0.06 0.04–0.09 0.05–0.12 0.04–0.07 0.04–0.09 0.05–0.11 0.06–0.09 
G n.d. 0.20–0.33 0.25–0.40 0.34–0.64 0.54–0.82 0.68–0.98 0.83–1.5 
MG n.d. 0.04–0.09 0.08–0.14 0.10–0.18 0.12–0.25 0.16–0.29 0.23–0.42 
BA n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Invierno (Febrero 2014) 
C1 0.10–0.40 0.44–1.0 0.62–1.5 0.25–0.74 0.65–1.5 0.73–1.4 0.69–1.3 
C2 0.15–0.39 0.27–0.49 0.35–0.71 0.24–0.50 0.45–0.89 0.48–0.90 0.46–0.88 
C3 0.03–0.06 0.06–0.18 0.12–0.27 0.04–0.13 0.11–0.26 0.11–0.27 0.10–0.24 
C4 0.03–0.07 0.05–0.09 0.07–0.17 0.03–0.10 0.05–0.14 0.07–0.16 0.07–0.15 
C5 0.03–0.05 0.04–0.08 0.05–0.10 0.04–0.06 0.05–0.11 0.04–0.09 0.04–0.10 
G n.d. 0.14–0.21 0.17–0.30 0.23–0.48 0.35–0.54 0.43–0.78 0.61–1.0 
MG n.d. 0.04–0.06 0.05–0.09 0.06–0.14 0.07–0.18 0.08–0.22 0.13–0.25 
BA n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
a
 n.d., No detectado. 
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En lo referente a los procesos llevados a cabo en la ETAP, la preoxidación 
tuvo el mismo efecto en los aldehídos independientemente de la estación del año 
(Tabla 8). Así, en la preoxidación aumenta la concentración de los 5 aldehídos 
alifáticos en relación a la del agua bruta y se forma G y MG. En este punto cabe 
resaltar que el BA sólo aparece en esta etapa durante la estación de primavera, lo 
cual se puede deber a que necesita mayores cantidades de materia orgánica para que 
se forme (5.7 mg O2/L en primavera, como oxidabilidad al permanganato). En las 
cuatro estaciones se incrementa la concentración de todos los aldehídos durante la 
decantación, mientras que en la filtración sólo G, MG y BA lo hacen, pues las 
concentraciones de los 5 aldehídos alifáticos disminuyen. La última etapa de 
oxidación (cloraminación) incrementa de nuevo la concentración total de valores 
medios de todos los aldehídos en un 50% en todas las estaciones. En lo referente a 
la red de distribución, las concentraciones de los 5 aldehídos alifáticos permanecen 
prácticamente constantes a la salida de la ETAP durante todas las estaciones menos 
en verano, donde decrecen hasta un 50% a las 48 h (Tabla 8). Este hecho se debe a 
la biodegradación de los aldehídos por el efecto de la alta actividad microbiológica 
que ocurre en verano por las temperaturas. 
Cabe resaltar que en esta Memoria se aborda por primera vez el 
comportamiento de aldehídos alifáticos a lo largo de la red de distribución, así como 
la distribución de BA dentro de una ETAP. 
En el caso de las dos HKs, prácticamente no se encuentran variaciones 
significativas en sus concentraciones en las cuatro estaciones, a excepción del 
invierno (Tabla 9). Según los datos recogidos en esta tabla, ninguna HK se detecta 
en el agua bruta en todo el año. La etapa de preoxidación origina la formación de 
1,1-DCA, y es en las siguientes etapas donde su concentración desciende 
proporcionalmente a la formación de 1,1,1-TCA por cloración del mismo. Las 
estaciones cálidas muestran un comportamiento similar en las concentraciones de 
ambas HKs, donde 1,1-DCA decrece bruscamente entre un 60–70% para formar 
concentraciones apreciables de 1,1,1-TCA (hasta ~2 µg/L). No obstante, el invierno 
es diferente en el contexto de que la especie 1,1-DCA se encuentra a mayores 
concentraciones en los cuatro tratamientos de la ETAP (puntos 2–5) y que es la 
1,1,1-TCA la que se forma a muy bajas concentraciones en las etapas 3 y 4. Cabe 
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resaltar que en la red de distribución ambas especies tienden a desaparecer o bien se 
encuentran a concentraciones no detectables.  
 
3.3. Determinación de aldehídos no halogenados en orina 
humana 
El análisis de muestras de orina se llevó a cabo utilizando el método 
desarrollado en el Capítulo 5, el cual emplea la técnica de SHS, ya que permite 
realizar la derivatización de los aldehídos y la volatilización de las correspondientes 
oximas en una sola etapa dentro del vial HS. Además no se necesita filtrar o diluir la 
muestra, obteniéndose unos porcentajes medios de recuperación entre el 92 y 95%, 
lo que corrobora la ausencia de efecto matriz. Este método se plantea como una 
alternativa sensible (LODs, 1–15 ng/L) y simple a los métodos descritos en la 
bibliografía.  
 
Tabla 9.  Concentración mínima y máxima de HKs (µg/L) en la ETAP y red de distribución en cada estación. 
 Puntos de muestreo 
 
Agua         








Agua   





Agua en red 
de 
distribución, 
24 h (6) 
Agua en red 
de 
distribución,  
48 h (7) 
Primavera (Mayo 2013) 
1,1-DCA n.d.
a 0.31–0.85 0.15–0.30 0.05–0.12 0.26–0.50 0.19–0.37 n.d. 
1,1,1-TCA n.d. n.d. 0.42–0.81 0.85–1.7 0.57–0.89 n.d. n.d. 
Verano (Septiembre 2013)     
1,1-DCA n.d. 0.42–0.91 0.12–0.26 0.08–0.18 0.38–0.58 0.29–0.50 n.d. 
1,1,1-TCA n.d. n.d. 0.55–0.92 0.86–1.9 0.63–0.91 n.d. n.d. 
Otoño (Noviembre 2013) 
1,1-DCA n.d. 0.28–0.79 0.16–0.32 0.03–0.09 0.20–0.46 0.15–0.32 n.d. 
1,1,1-TCA n.d. n.d. 0.38–0.80 0.81–1.5 0.51–0.82 n.d. n.d. 
Invierno (Febrero 2014) 
1,1-DCA n.d. 1.6–2.0 1.2–1.7 0.60–0.93 1.3–2.0 0.93–1.9 n.d. 
1,1,1-TCA n.d. n.d. 0.25–0.42 0.49–0.77 n.d. n.d. n.d. 
a
 n.d., No detectado. 
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El método se desarrolló con el objetivo de evaluar la orina como indicador 
biológico del estrés oxidativo utilizando aldehídos como marcadores. Para ello, se 
seleccionó tanto individuos sanos con hábitos saludables (grupo control), como 
aquellos que pueden estar expuestos a un mayor estrés oxidativo debido al humo 
del tabaco (fumadores) o a una enfermedad (diabéticos). En la Tabla 10 se 
muestran las características de dichos individuos. En todos los casos, las muestras 
de orina se tomaron a primera hora de la mañana en ayunas, para minimizar la 





Como se observa en la Tabla 11, las muestras de orina de cada individuo se 
normalizaron con los datos correspondientes de creatinina en orina, por lo tanto se 
expresaron como nmol aldehído/mmol creatinina. En las muestras de orina 
analizadas se detectaron los 12 aldehídos endógenos objeto de estudio, y no se 
encontró ninguna dependencia con el sexo de los individuos.  
 
Tabla 10. Características de los sujetos participantes. 
 Sexo Intervalo de edad (años) Media de edad (años) 
Sanos 4 hombres                   
7 mujeres 
15–60 33 
Fumadores 3 hombres                   
1 mujer 
30–46 34 
Diabéticos 2 mujeres 29,81 --- 
 
Tabla 11. Concentración media (expresada como nmol aldehído/mmol creatinina) de aldehídos endógenos en orina. 
Individuo  C1 C2 C3 AC C4 CRA C5 C6 C7 G MG MDA 
Sanos 
Jóvenes (media, 15 años) 124 23 4.4 9.9 1.6 17 2.8 2.6 0.93 9.3 4.2 0.14 
Adultos (media, 47 años) 69 22 4.2 8.2 2.1 17 5.5 2.9 1.5 8.8 4.4 0.94 
Fumadores 
 101 37 3.9 23 1.9 25 3.3 6.4 1.7 8.5 3.8 1.9 
Diabeticos 
 121 52 4.4 12 2.4 24 2.5 3.4 2.1 23 14 2.2 
C1, formaldehído; C2, acetaldehído; C3, propionaldehído; AC, acroleína; C4, butiraldehído; CRA, crotonaldehído; C5, valeraldehído; C6, 
hexaldehído; C7, heptanaldehído; G, glioxal; MG, metilglioxal; MDA, malondialdehído. 
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En lo referente a individuos con hábitos sanos, no hay diferencias 
significativas en la concentración de aldehídos, aunque se puede apreciar un 
contenido ligeramente mayor de formaldehído y mucho menor de malondialdehído 
en los jóvenes (Tabla 11). En el caso de fumadores, se observa un mayor contenido 
en acetaldehído, acroleína, crotonaldehído y hexanal si se compara con el 
encontrado en individuos sanos. También hay un ligero incremento en 
malondialdehído. La aparición de estos aldehídos en orina se relaciona con la 
adicción al tabaco, con problemas en las vías respiratorias y en un estadio final con 
la aparición de cáncer. Por otro lado, los niveles de acetaldehído, crotonaldehído, 
glioxal, metilglioxal y malondialdehído son mayores en individuos con diabetes 
respecto a sanos. Sin embargo, sólo las concentraciones de acetaldehído, glioxal y 
metilglioxal se incrementan de manera significativa respecto a aquellas encontradas 
en individuos sanos pero fumadores. Este hecho se debe a que estos aldehídos se 
forman por la oxidación de los productos finales de la glico-oxidación avanzada, la 
cual ocurre cuando hay un exceso de glucosa y altos niveles de oxidantes en el 




































A partir de los resultados obtenidos en las investigaciones recogidas en esta 
Memoria y en base a los objetivos planteados en la misma se pueden extraer las 
siguientes conclusiones: 
1. Se han desarrollado métodos de microextracción en fase líquida (MLLE) 
caracterizados por su rapidez, simplicidad y sensibilidad para la 
determinación de 13 aldehídos de bajo peso molecular (LMMAs) o 7 
haloacetaldehídos (HAs) en agua mediante GC–MS. Esta miniaturización de 
la LLE proporciona una eficiencia de la extracción (y derivatización)  en 
torno al 90%, con la novedad del empleo de extractantes convencionales 
(acetato de etilo, MTBE o n-hexano). La MLLE proporciona extractos de 
µL que se pueden inyectar casi en su totalidad en un inyector de elevados 
volúmenes con temperatura programable (LVI–PTV). Esto redunda en un 
incremento de la sensibilidad del método sin apenas generar residuos, por lo 
que está en consonancia con los principios de la “Química Verde”. En el 
caso del método para determinar LMMAs, la inclusión de sulfato de 
magnesio como agente salting-out permite el calentamiento de la muestra 
acuosa hasta ~60 ºC (evitándose un calentamiento posterior), lo que 
conlleva a la derivatización de los analitos diana y la extracción de los 
derivados en una única etapa minimizando de esta manera el tiempo de 
tratamiento de muestra a 3 min (frente a los 145 min que se requieren en el 
método oficial).  
2. La técnica SHS acoplada a GC–MS se ha utilizado para la determinación de 
11 LMMAs en agua, en el que la adición de n-hexano como modificador 
favorece la extracción de las oximas (derivados) al espacio de cabeza. En 
este método la derivatización de los aldehídos y volatilización de las oximas 
tiene lugar en una sola etapa, con una eficiencia global del 80–95% y una 
alta sensibilidad (LODs a niveles de ng/L). Hay que destacar que es la 
primera vez que se propone llevar a cabo la derivatización de aldehídos con 
PFBHA en un medio alcalino (pH 8.4) usando para ello hidrogeno 
carbonato de sodio, que además actúa como agente salting-out. Asimismo, se 
ha demostrado que el ion hidrogeno carbonato ejerce un efecto catalítico en 
dicha reacción, aumentando los factores de enriquecimiento de todos los 
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analitos. El método de SHS–GC–MS se caracteriza por ser simple, sensible 
y robusto. 
3. La determinación de HAs y LMMAs en agua tratada, tanto potable como de 
piscina ha puesto de manifiesto que el agua de piscina contiene un mayor 
número de aldehídos y en mayor concentración que el agua potable. Esto se 
debe a que el agua de piscina contiene un aporte extra de materia orgánica 
procedente de los usuarios de estas instalaciones y porque se emplean 
mayores concentraciones de desinfectante. Por lo tanto, se puede concluir 
que la formación de aldehídos muestra una dependencia con la cantidad de 
materia orgánica presente en el agua. 
4. Se ha realizado un estudio riguroso de la estabilidad de los compuestos 
carbonílicos halogenados (7 HAs y 14 HKs) en agua potable, en presencia 
de diferentes sales propuestas como agentes declorantes. Por primera vez se 
demuestra que las sales no es la mejor opción para preservar a estos 
compuestos en agua potable sino que lo es la acidificación de la muestra en 
el momento de su recogida. De este modo, los HAs son estables durante 7 
días a 4 ºC, incrementándose este tiempo a 14 días en el caso de las HKs. 
5. Se han diseñado y aplicado dos sistemas de miniaturización para la 
extracción líquida (MLLE) y sólida (HS–SPME) de 14 HKs en agua tratada. 
Ambos métodos están en consonancia con la “Química Verde” por utilizar 
técnicas de extracción que se consideran prácticamente libre de disolventes 
o de residuos orgánicos. A pesar de que el método de HS–SPME 
proporciona LODs algo mayores que el de MLLE, la sensibilidad alcanzada 
(ng/L) es suficiente para su aplicación a muestras de agua potable (aguas en 
las que las HKs se encuentran a menor concentración). Cabe resaltar que es 
la primera vez que se aportan datos sobre las concentraciones a las que se 
encuentran las HKs en agua de piscina. 
6. Se ha evaluado la distribución de 11 LMMAs y 14 HKs a lo largo del 
proceso de potabilización de una estación de tratamiento de agua potable y 
en la red de distribución durante las cuatro estaciones del año. Esta ETAP 




que se pueden extraer de este estudio son: 1) se han detectado 5 aldehídos 
alifáticos a bajas concentraciones en el agua bruta y ninguna HK. La 
presencia de aldehídos se puede atribuir tanto a fuentes naturales como 
antropogénicas. Así, se puede afirmar que los subproductos no detectados 
en este punto, pero sí más adelante, provienen exclusivamente del proceso 
de desinfección; 2) la preoxidación con dióxido de cloro aumenta al doble la 
concentración de los 5 aldehídos alifáticos y se forma nuevos aldehídos (G, 
MG y BA) y 1 HK (1,1-DCA); 3) en la decantación se incrementa la 
concentración de todos los aldehídos en un 50%. El 1,1-DCA disminuye un 
60% porque reacciona con el desinfectante residual formándose 1,1,1-TCA; 
4) en la filtración la concentración de los aldehídos alifáticos disminuye un 
50% y se sigue formando 1,1,1-TCA; 5) la cloraminación incrementa de 
nuevo la concentración de todos los aldehídos en un 50%. En este caso, la 
formación de 1,1,1-TCA no está favorecida, por lo que su concentración 
disminuye un 30% y aumenta la de 1,1-DCA; 6) a lo largo de la red de 
distribución la concentración de G y MG aumenta ligeramente y la de BA, 
1,1-DCA y 1,1,1-TCA disminuye. 
7. Se ha desarrollado un método simple, sensible y automático empleando 
SHS–GC–MS para la determinación de aldehídos que pueden aparecer 
endógenamente en orina humana como consecuencia del estrés oxidativo y 
procesos celulares. Este método presenta mejoras sustanciales con respecto 
a los métodos desarrollados en la bibliografía porque permite realizar 
simultáneamente la derivatización y extracción (volatilización) de los analitos 
en el propio vial y proporciona una elevada sensibilidad, a niveles de ng/L. 
Para asegurar la aplicabilidad del método se ha estudiado la influencia de la 
matriz de la muestra, pudiéndose concluir que no hay efecto matriz 
significativo, por lo que no se requiere dilución de la misma. El método se 
ha aplicado al análisis de muestras de orina de personas sanas, así como de 
fumadores y diabéticos. De los resultados obtenidos se ha podido observar 
en el caso de los individuos sanos que, independientemente del sexo, los 
más jóvenes contienen una concentración menor de malondialdehído y algo 
mayor de formaldehído. Respecto a los fumadores, se observó una mayor 
concentración de acetaldehído, acroleína y crotonaldehído, así como un 
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contenido ligeramente superior de hexanal y malondialdehído. Finalmente, 
las personas diabéticas mostraron un alto contenido en acetaldehído, glioxal, 
metilglioxal, crotonaldehído y malondialdehído, los cuales surgen de la 





The conclusions are drawn from the results of the research work and based 
on the objectives described in this Report. The main conclusions are as follows: 
1. Liquid phase microextraction (MLLE) methods has been developed, which 
are characterised by their speed and simplicity. They achieve high sensitivity 
for the determination of 13 low molecular-mass aldehydes (LMMAs) or 7 
haloacetaldehydes (HAs) in water by GC–MS. The LLE miniaturisation 
provides an extraction (and derivatisation) efficiency of around 90%, with 
the novelty of employing conventional extractants (ethyl acetate, MTBE or 
n-hexane). MLLE provides extract volumes of µL that can be almost 
entirely injected into a large volume injection coupled to a programmable 
temperature vaporizer (LVI–PTV) injector. This results in an improvement 
of the sensitivity of the method minimising the generation of residues in 
accordance with the principles of “Green Chemistry”. For the method 
developed to determine LMMAs, the addition of magnesium sulphate to the 
aqueous phase heats this layer up to ~60 ºC (avoiding subsequent heating), 
which allows carrying out the derivatisation of target analytes and extraction 
of derivative compounds in  one single step. This fact minimises the 
treatment of the sample to 3 min (in comparison with 145 min required by 
the official method). 
2. The SHS technique coupled to GC–MS has been used for the determination 
of 11 LMMAs in water, wherein the addition of n-hexane as a modifier 
promotes the extraction of oximes (derivatives) to the headspace. In this 
method, aldehydes derivatisation and oximes volatilisation take place in a 
single step, with an efficiency of the whole analytical process of 80–95% and 
high sensitivity (LODs at ng/L levels). It is noteworthy that for the first 
time, LMMAs derivatisation reaction with PFBHA is carried out in an 
alkaline medium (pH 8.4) by using sodium hydrogen carbonate, which also 
acts as a salting-out agent. Additionally, it has been demonstrated that the 
hydrogen carbonate ion exerts a catalytic effect on this reaction, increasing 
the enrichment factors of all analytes. The SHS–GC–MS method is 
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3. The determination of HAs and LMMAs in treated water, both drinking and 
swimming pool ones, has shown that swimming pool water contains a 
greater number of aldehydes and at higher concentration than drinking 
water. This is due to the fact that swimming pool water contains extra levels 
of organic material coming from the users as well as the higher 
concentrations of disinfectant used. Therefore, it can be concluded that 
aldehydes formation shows a dependence on the amount of organic matter 
present in water. 
4. A rigorous study of the stability of halogenated carbonyl compounds (7 
HAs and 14 HKs) in drinking water has been carried out with different salts 
that were previously proposed as dechlorinating agents. For the first time it 
has been demonstrated that the addition of salts is not the best option to 
preserve these compounds in drinking water. The best option is the 
acidification of the sample at the time of collection. Thus, HAs are stable 
for 7 days at 4 ºC, increasing the time up to 14 days in the case of HKs. 
5. Two miniaturisation techniques for liquid (MLLE) and solid (HS–SPME) 
extractions of 14 HKs in treated water have been designed and applied. 
Both methods are in line with the “Green Chemistry” by using extraction 
techniques that are considered virtually free of solvents or organic residues. 
Although the HS–SPME method provides LODs higher than those of 
MLLE, the sensitivity achieved (ng/L) is enough for its application to 
drinking water samples (this is the kind of water in which HKs are at lower 
concentration). It is noteworthy that the obtained results constitute the first 
data on the quantification of HKs in swimming pool water. 
6. The distribution of 11 LMMAs and 14 HKs that can be found in the 
processes conducted in a drinking water treatment plant (DWTP) and its 
distribution network have been evaluated throughout the four seasons of 
the year. This DWTP uses chlorine dioxide and chloramines as 
disinfectants. From the study the following conclusions can be drawn: 1) 
Five aliphatic aldehydes and one HK have been detected at low 
concentrations in raw water. The presence of these compounds can be 




Therefore, it can be stated that the subproducts that have not been detected 
yet come exclusively from the disinfection process; 2) preoxidation with 
chlorine dioxide doubles the concentration of the 5 aliphatic aldehydes and 
causes the formation of other aldehydes (G, MG and BA) and one HK (1,1-
DCA); 3) coagulation/flocculation and sedimentation steps increase the 
total concentrations of aldehydes by about 50%. 1,1-DCA decreases by 60% 
because it reacts with residual disinfectant forming 1,1,1-TCA; 4) the 
concentration of the aliphatic aldehydes decreases by 50% during filtration 
step and 1,1,1-TCA is still forming; 5) chloramination again increases the 
concentration of all aldehydes by 50%. In this case, the formation of 1,1,1-
TCA is not favoured, so its concentration decreases by 30% and  that of 
1,1-DCA increases; 6) along the distribution system, the concentration of G 
and MG slightly increases and those for BA, 1,1-DCA and 1,1,1-TCA 
decrease.  
7. A simple, sensitive and automatic SHS–GC–MS method has been 
developed for the determination of endogenous aldehydes in human urine. 
These aldehydes could appear in human urine as a consequence of oxidative 
stress and cellular processes. This method has significant advantages over 
the methods developed in literature since it allows the simultaneous 
derivatisation and extraction (volatilisation) of the analytes in the vial and 
provides a high sensitivity (ng/L levels). In order to ensure the feasibility of 
the method, the influence of the sample matrix was studied; it was 
concluded that there is no significant matrix effect, so no dilution is 
required. The method has been applied to the analysis of urine samples 
from healthy people, as well as smokers and diabetics. From the obtained 
results for healthy subjects it was possible to observe that urine from young 
subjects (regardless of gender) have a slightly higher content in 
formaldehyde and much lower in malondialdehyde. Regarding smokers, the 
urinary content in acetaldehyde, acrolein and crotonaldehyde was higher 
than in non-smokers. Slight increases were also observed for urinary content 
in hexanal and malondialdehyde for smokers. Finally, diabetic subjects 
contain a high concentration of urinary glyoxal, methylglyoxal, 
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crotonaldehyde and malondialdehyde. These endogenous aldehydes come 


























1. Micro liquid–liquid extraction combined with large-volume injection gas chromatography–
mass spectrometry for the determination of haloacetaldehydes in treated water. 
 M. Serrano, M. Silva y M. Gallego. 
 Journal of Chromatography A 1218 (2011) 8295–8302.                         
Índice de impacto: 4.531 (sexta posición de las revistas en el área de Química 
Analítica según el Journal Citation Report 2011). 
2. Development of an environment-friendly microextraction method for the determination of 
aliphatic and aromatic aldehydes in water. 
 M. Serrano, M. Silva y M. Gallego. 
 Analytica Chimica Acta 784 (2013) 77–84.  
Índice de impacto: 4.517 (quinta posición de las revistas en el área de Química 
Analítica según el Journal Citation Report 2013). 
3. Static headspace gas chromatography–mass spectrometry for the one-step derivatisation and 
extraction of eleven aldehydes in drinking water. 
 M. Serrano, M. Gallego y M. Silva. 
 Journal of Chromatography A 1307 (2013) 158–165.  
Índice de impacto: 4.258 (sexta posición de las revistas en el área de Química 
Analítica según el Journal Citation Report 2013). 
Este artículo tuvo mucho impacto en la comunidad científica. Por este motivo el 
Prof. Steve Down redactó el artículo “Aldehydes in water: Simultaneous derivatisation and 







4. Fast and “green” method for the analytical monitoring of haloketones in treated water. 
 M. Serrano, M. Silva y M. Gallego. 
 Journal of Chromatography A 1358 (2014) 232–239.                       
Índice de impacto: 4.169 (sexta posición de las revistas en el área de Química 
Analítica según el Journal Citation Report 2014). 
5. Determination of 14 haloketones in treated water using solid–phasemicroextraction and gas 
chromatography–mass spectrometry. 
 M. Serrano, M. Silva y M. Gallego. 
 Journal of Chromatography A 1407 (2015) 208–215. 
Índice de impacto: 2.906 (sexta posición de las revistas en el área de Química 
Analítica según el Journal Citation Report 2014). 
6. Analysis of endogenous aldehydes in human urine by static headspace gas chromatography–
mass spectrometry. 
 Journal of Chromatography A (enviado para su publicación). 
 
7. 1-Butyl-3-aminopropyl imidazolium – functionalized graphene oxide as a nanosorbent for the 
extraction of steroids and β-blockers using dispersive solid–phase microextraction. 
 (En redacción). 
 
 
Comunicaciones a congresos 
1. XIII Reunión del Grupo Regional Andaluz de la Sociedad de Química Analítica 
(GRASEQA). Málaga, 2012. 
 Micro liquid–liquid extraction combined with large-volume injection gas 
chromatography–mass spectrometry for the determination of 
haloacetaldehydes in treated water. 




2. XVIII Reunión de la Sociedad Española de Química Analítica (SEQA). Úbeda, 2013. 
Development of an environment-friendly microextraction method for the 
determination of aliphatic and aromatic aldehydes in water. 
 Comunicación en póster y presentación oral-flash del mismo. 
 Esta comunicación recibió uno de los premios otorgados por la SEQA a las 
mejores comunicaciones presentadas en forma de póster y defendida en la 
sesión correspondiente como “flash communication”. 
3. Euroanalysis XVII. Varsovia (Polonia), 2013. 
Static headspace gas chromatography–mass spectrometry for the one-step 
derivatisation and extraction of eleven aldehydes in drinking water. 
 Comunicación póster. 
4. 30th International Symposium of Chromatography. Salzburgo (Austria), 2014. 
Fast and “green” method for the analytical monitoring of haloketones in 
treated water. 




































































































































































































































































































350   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 351 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
